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ABSTRACT
THE 12C + 160 REACTION AT ENERGIES BELOW THE COULOMB BARRIER
The 12C(i60,a)zHMg and 12C 60,p)2 ?Ai6 reactions were studied
for centre of mass energies 4.54 to 8.53 MeV to provide experimental 
data on their cross-sections, Excitation functions and angular dis­
tributions were measured and used to estimate the total and partial 
reaction cross-sections. The cross-sections for these reactions show 
pronounced resonance structure similar to that found in the 12C + 12C 
system. These resonances are grouped just below the Coulomb barrier 
and do not appear to extend below 6 MeV c.m.
The relative shape of the 12C + 160 total reaction cross- 
section excitation function was re-measured using the y-ray yield above 
900 keV. The energy resolution in this case was 'v 15 keV, which is 
considerably better than in the previous measurements, and the pronounced 
structure is well defined. Fluctuations, 'v 60 keV wide, were seen 
following a further measurement of the excitation function in the energy 
range 6.1 to 6.7 MeV c.m. in 10 keV c.m. steps.
An unsuccessful attempt was made to assign spins to the pro­
minent resonances below the Coulomb barrier. This attempt consisted 
of measuring the differential elastic scattering cross-section excita­
tion function over an energy range 5.4 to 10 MeV c.m. for 6 centre of 
mass angles. The angles were chosen to correspond as closely as 
possible to zeros of several low order Legendre polynomials. Although 
no spins could be assigned the data does provide a significant test 
for the optical model.
XThe resonances in the total 12C + 1d0 reaction cross-section 
cannot be explained in terms of statistical fluctuations and, as for 
the 12C + 12C reaction, could be quasi-molecular in nature,, Attempts 
are made to interpret these resonances as single particle resonances 
in a complex potential well using the optical model. Good quali­
tative agreement with the reaction data was obtained.
THE 12C + 160 REACTION ABOVE THE COULOMB BARRIER
Excitation functions for the yields of zt+Mg, z0Ne, 25Mg, 
z3Na, 26A£ and 27A£, produced in the 12C + 160 reaction, were measured 
in the energy range 13 to 18 MeV c.m. A similar measurement was made 
to obtain the excitation function for the production of 160*(6.13 MeV) 
nuclei. The results are compared with preliminary Hauser-Feshbach 
calculations to establish to what extent the statistical model applies.
In fact, qualitative agreement with experiment is found except in the 
case of the ll30*(6ol3 MeV) cross-section. Less than 10% of this 
cross-section could be attributed to compound nucleus decay.
To provide further information about the reaction mechanism 
by which 1&0*(6.13 MeV) nuclei are formed, an angular distribution of 
the 12CC160,1b0 (3 , 6.13 MeV))12C reaction was measured using 41.2 MeV 
bombarding 160 ions. A qualitative discussion of the results is given 
and it is suggested that both inelastic and a-transfer reaction mechanisms 
may contribute.
CHAPTER 1
INTRODUCTION
Nuclear interactions of light particles such as p, n, and 
d with nuclei have been studied for many years. Their investigation 
has yielded a great deal of information about the behaviour of single 
nucleons and of collective motion in the nucleus. The shell model 
(independent particle model) and the collective model are the two 
extreme models describing the nucleus. In between these two extreme 
models there is the cluster model about which comparatively little 
is known. Interactions involving p, n, and d particles in the in­
coming channel will in general not show any significant effects of 
clustering involving clusters of greater than 4 nucleons,if they occur. 
For example, in the p + 27A1 reaction the outgoing channel 12C + 160 
remains effectively closed unless the centre of mass (c.m„) energy is 
above about 10 MeV. Above this energy the 12C + 160 channel must 
compete with many other outgoing channels (in the compound nucleus 
picture) so that its cross-section is comparatively small. The 
experimental and theoretical investigations of possible cluster phenomena 
have, until recently, been confined to systems involving clusters of 
less than 7 nucleons. A review of the situation was made in 1966 by 
Wildermuth and McClure [Wi 66J. The theoretical approach to the 
cluster representation of nuclei is discussed in chapter 3.
However, with the possibility of accelerating "heavy-ions” 
such as 12C, 160, 19F etc. the situation has changed. The existence 
and nature of cluster phenomena such as "quasi-molecular states" and 
the effects of high angular momenta are two areas which are now being
2investigated. This is done by measuring cross-sections for elastic 
scattering, inelastic scattering and other channels which are directly 
coupled to the elastic or entrance channel. Those channels indirectly 
dependent on the entrance channel will also reflect to some extent the 
behaviour of that channel. (This will be made clear particularly in 
chapters 2 and 3.)
It is precisely these aspects of the 12C + 1&0 reaction which 
we endeavoured to study and the results of the investigation are 
presented in chapters 2 to 5. Before presenting the results, however, 
I wish to briefly consider what one might expect to happen in reactions 
such as the 12C + 160 reaction on the basis of simple classical and 
semi-classical theories. These theories make qualitative predictions 
of the elastic scattering and total absorption cross-sections. This 
will be followed by a brief outline of the predictions of the simple 
statistical model which describes some of the more detailed features 
of the cross-sections than do the semi-classical theories. A review 
of some unexpected and unexplained experimental results will also be 
given under the heading of non-statistical behaviour.
l. 1 ELASTIC SCATTERING CROSS-SECTION
The collision of two nuclei with charge Z^e, Z2e and mass
m. , m2 respectively is discussed in the appendix. Assuming the 
particles have spin zero the scattering amplitude becomes
i °° 2lW£ 2i6£f(6) = £ (0) + ~  Z (2£+l) e (1-e *) Pp (cos0)
C ZK £=0
where f (0) = ------ ----- exp (-2in£n(sin(0/2)) + 2iu) )
C ksin2 (0/2) 0
Coulomb phase shift
3and
6^ = nuclear phase shift
Z :Z2e2
n = — 7----tfv
m1 m2y = -----H m-j + m2
v = velocity in the centre of mass.
a) COULOMB DOMINATED SCATTERING
If the strong, short-range nuclear forces are neglected then 
6^ = 0 for all £ so that
2
x ____i_ _ _
sin4 (0/2)
This is simply the Rutherford Scattering formula for the 
scattering of two point charges. In this case the distance of closest 
approach of the two point charges which are scattered through an angle 
6 is [Ev 55]
d = a (1 + cosec(0/2)) 
n
a = r
Classically these particles carry in angular momentum Z
defined by
kb = [£(£+1)]^
- Z if £ is large
where b, the impact parameter, corresponds to a scattering angle given 
by
ZiZ2e'
b a cot(0/2)
4.
b) NUCLEAR DOMINATED SCATTERING
In the "black nucleus" picture the strong nuclear inter­
action is not neglected but is assumed to dominate the interaction 
when the separation distance of the colliding nuclei is less than a 
radius R (R = sum of the radii of the interacting particles). We 
define a critical scattering angle 0^ as that angle for which the 
distance of closest approach d = R
R = a (1 + cosec(0c/2))
The corresponding classical angular momentum is called the 
critical angular momentum and denoted £ .
On the basis of the sharp cut-off approximation and the 
"black nucleus" picture we demand that all partial waves with 
Z $ Z^ are absorbed. Assuming that the Coulomb forces may be neglected, 
i.e. high interaction energies, we substitute the following in the 
expression for the scattering amplitude
W£ = 0 for all Z
2i6£e - 1 Z > Z c
0 Z $ Z c
Therefore f(0) = 2k
z
Ec
i = 0
(2Z+ 1) P£ (cos0)
For the case 0 >> 0 Frahn and Venterc [Fr 63] have shown that
da
dft a
2
7tZ 0 c
cos (£ _ L _ _
k202
£ > 10 c
J 1 is a Bessel function of order 1. Therefore the differential cross- 
section should appear as a diffraction pattern for which, in the
5 .
asymptotic region, the period of oscillations is given by
provided
kR >> n and £ - kRc
c) NUCLEAR AND COULOMB EFFECTS COMBINED
The result in b) can be extended, still in the semi-classical 
sharp cut-off approximation, to include the Coulomb forces. It is 
done simply by including and not setting it to zero as in b). Thus
^c 2ioo
f(0) = f (0) + I (2£+l) e P (cos0)
c £=0 36
The excitation function of |f(0)|2 then has the form of a 
Fresnel diffraction pattern [Fr 63]. Coulomb scattering dominates 
at low energies and the diffraction pattern appears at high energies.
On the basis of results in a), b) and c) one expects an
shown below.
Ruth
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6 .
It can be shown [Br 72], [Fr 63] that
Ec Em a
_ 1_
It can also be shown [Br 72] on the basis of a smooth cut-off model 
[B1 54] in which we define
2i5
e 1/ exp -----  +
'
1
I
that if —  > j—  then Coulomb scattering will be strong tending to 
c /2n A ^
dampen any diffraction effects. However, if —  <K then
c
diffraction effects will be important. Thus the parameter n is a major 
factor which determines the character of the excitation function.
Many examples of the above have been given by various people 
[Zu 60] [Bl 57] generally in the form of angular distributions rather 
than excitation functions. One of an excitation function is shown in 
figure 1.1. These are the 150 + 160 elastic scattering results in 
[Ma 69]. At 30 MeV in the centre of mass
T c
therefore a diffraction pattern is expected with oscillations of 
period 9.0 MeV at 50° and 5.0 MeV at 90°. This is seen in figure 
1.1, together with finer structure which will be discussed below.
The broader structure, often thought to indicate the existence of 
quasi-molecular states, has been fitted using the optical model [Ma 69] 
[Br 69]. If a state did exist where one spin value resonated strongly 
at a particular energy then the effects of this should be seen at the 
same energy in those excitation functions in figure 1.1 where it is 
observed. Rickersten [Ri 72] in a more recent study of these results
6 a .
CT+ 0  •
ELASTIC SCATTERING
-L_L_Li _ l _ l
,1 I I .  1
J__l_I_I_I_I_I_L ■Li_1 1.1-1
1 1- 1 1 1 L  1J—1-.1-, 1.
! .1 1 - 1
f i g u r e  1 .1 0 e l a s t i c  s c a t t e r i n g  r e s u l t s  o f  (Ma 69)
The s o l i d  c u rv e  i s  an o p t i c a l  model f i t  t o  t h e  d a t a .
6b.
•• no
.1
^ IOO
/ •-
20 24 8 12
C. M. ENERGY (MeV)
figure 1.2. 12 16C + 0 elastic scattering excitation functions
taken from (Ma 72a).
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concluded that the oscillations are simply a diffraction pattern.
Figure 1.2 shows a similar set of results for 12C + 160 
elastic scattering [Ma 71]. In this case the diffraction pattern 
is less pronounced while the fine structure appears to be much 
stronger.
The elastic scattering excitation functions of many systems 
has now been studied and these include the following, 160 + 14N,
15N, 180, 24Mg, 26Mg, 28Si, 30Si [Si 71], 180 + 180 [Si 71],
12C + 12C [Re 69], 14N + 14N, 14N + 160 [Ja 69] and 28Si + 28Si 
[Fe 71]. An excellent review of heavy-ion scattering has been given 
by Siemssen [Si 71]. He concluded that all systems exhibit 
diffraction-like gross structure. This was confirmed through 
optical model analysis of the data since fits to all the data required 
strong absorption,i.e. a large imaginary potential. Hence diffraction 
patterns result as suggested in the simple picture presented above.
There are a few exceptions such as 150 + 180 and 180 + 24Mg 
elastic scattering where small imaginary potentials were necessary 
to fit the data. However, diffraction patterns can still be seen in 
these data. A small imaginary part means that shape resonances may 
occur (in the optical model) implying the existence of quasi-molecular 
states. The existence of such states has certainly not been proved 
since significant changes occur when non-local potentials and in 
particular coupling of the inelastic channels to the elastic channel 
are included [Ra 71] [Ro 71].
It has already been noted that fine structure appears super­
imposed on the gross structure in the elastic scattering results of 
a number of systems. The fine structure appears to have a correlation 
width consistent with statistical fluctuations in those systems which
8.
have been analysed [Va 71] [Ma 71]. This suggests that the fine 
structure is due to the compound elastic component. This is con­
sistent with the observation made by Siemssen, that the prominence or 
magnitude of the fluctuation is correlated with the number of out­
going channels in the various systems. Comparing the plastic 
scattering excitation functions of different interactions,e.g.
12C + 12C, 12C + 150, and 160 + 160,it is clear that the fine (or 
intermediate) structure becomes less pronounced as the number of 
competing channels increases.
1.2 ABSORPTION CROSS-SECTION
a) THE SHARP CUT-OFF MODEL
The expression for the total reaction (absorption) c
section is
a(E) = —  E (2£+l)(l 
k2 l
2i6P- |e £|2)
The sharp cut -off model predicts
G (E) = —  £ C (2£+l) 
k2 £=0
-2- £ 2 
k2 c
= *r2u - fg)
=
er
hR2(1 - -£) E > e b
= 0 E .< Eb
where F -
Z!Z2e2
is the Coulomb barrierR
9 .
b) THE W.K.B. APPROXIMATION
The classical prediction in a) suggests that
o(E) = 0 E $ Eß
However, if the de Broglie wavelength of the interaction system is 
comparable to the width of the barrier then significant penetration of 
the barrier will occur. This case can be treated using the W.K.B. 
approximation as discussed in [Ev 55]. The transmission coefficient 
for i = 0 partial waves, T , can be expressed
e‘Y
2*Z1Z2e2 4 U
— 555---- £  (2ZiZ2e2yR) 2
= 2im - £ (2Z!Z2e2yR)^2
Hence for small n the cross-section may be significant below the barrier.
c) COULOMB WAVE FUNCTIONS
A third method for estimating the total absorption cross- 
section below the barrier using the Coulomb wave functions is described 
in chapter 2.
As an example consider the i60 + 1&0 total reaction cross- 
sections for emission of alphas and gammas [A1 63] seen in figure 1.3.
It is clear from this that the cross-sections do decrease very rapidly 
below the barrier consistent with the W.K.B. prediction. Also the 
cross-section is significant for energies below ^ 11 MeV which is the 
value of E for the 160 + 150 reaction assuming a radius of 9 fm.
D
To
Y
9a.
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In contrast to the many elastic scattering excitation 
functions measured above the barrier very few attempts have been made 
to measure the total reaction cross-sections below the barrier. The 
160 + 160 and 12C + 12C reactions [A1 63], [A1 60] were the first 
to be studied in this respect. These measurements have subsequently 
been repeated and extended [Pa 69]?[Sp 71]. Measurements of the total 
y-ray yields were also made for the 12C + 150 and 14N + 12C reactions 
in the region of the Coulomb barrier [Ku 64]. Chapter 2 describes 
experiments in which the 12C + 160 total reaction cross-section was 
measured in much more detail than the first measurements by Almqvist 
et al. Since then the 12C + 13C, 14N + 13C and 14N + 10B reactions 
have been studied below the barrier [Vo 71], although, not with the 
same detail that now exists for the 12C + 12C and 12C + 160 systems.
All cross-sections show the dominating effect of the Coulomb barrier 
predicted by the W.K.B. approximation in b).
1.3 STATISTICAL MODEL [Er 63],[Br 63].
a. STATISTICAL FLUCTUATIONS
In appendix A it is shown that both the reaction cross-section 
and the compound elastic scattering cross-section may be expressed in 
terms of a collision matrix U , . Considering for the moment the 
reaction cross-section
a , (E) aa'
2J+1
Jtt
s£s' £
(21 + 1) (2i + l) l6cc' " Ucc'
Under certain restrictive assumptions discussed in [Vo 64] Ucc,
may be written as
11.
- z
r i/?- r 1/2Ac AC'
A EX - E - iFA/2
y
Where the partial widths T^  2 are related to the reduced widths
>2
Ac t2P<P V2 yAc
Pc is the penetration factor.
are the energies of the compound states A through which the 
reaction is assumed to proceed.
The statistical assumption is that the y. and henceA C
rXc z have random sign and have a Gaussian distribution about a mean 
value zero. The total width would therefore be expected to have
a Chi-squared distribution with the number of degrees of freedom 
being approximately equal to the number of independent outgoing channels 
since
E rAc
Writing
T rAc
K
Ac
EA ~ E + 1 ~2~
+ i v 1.3.1
In this case the statistical assumption implies that ucc, and v , 
are independent sets of variables having random sign and Gaussian 
distribution about an average value zero,i.e.
A
<ucc'
A<v ,> c c '
It can be shown that
< u 2 >  =  < I V ^ > =
where the averages are taken over all A in an energy range 6 >> V .A
12.
It then follows that the probability for the cross-section cr(E) to 
vary about its mean value <o> is given by
P(o) = -i— e ^2xo
2X2Ao
where < o > = 2y2o
From the expression L3.1 it is clear that a completely different set of 
intermediate states will determine the cross-section at an energy 
E ± r. than was the case at energy E. That is to say fluctuations 
of the cross-section about its mean value will have a characteristic 
or coherence width 'v F^  .
In the above it was assumed that only two independent sets of 
variables, u ^ , and v ^  ,, contribute to the cross-section o. If, 
however, the cross-section is made up of N incoherent and equally con­
tributing channels c1 then the probability distribution of the cross- 
section fluctuations about the mean is given by
i ,N-1
P(«0 =  ------- 1-^ — I exp ( 0
2*o  tN- « ! K l
and <ö> = 2N y 2Ao
In this case the standard deviation is ——  for N large,
/N
For example, -ZS formed in the 160 + 160 reaction will 
a-decay via a large number of incoherent channels. This number may be 
°> 1000 in which case fluctuations of the total a-yield about its mean 
are expected to be * 3%. The excitation function shown in figure 
1.3a does appear to be very smooth. In the 12C + 12C reaction N
13
is much smaller for the excitation functions shown.- Even if N > 25^  
fluctuations for the total a-yield would be < 20%. However, 
three large resonances can be seen at about 6 MeV, which show much 
larger departures from the mean than the very conservative estimate of 
20%. Further, the large deviations are seen to correlate strongly in 
completely independent channels, which effectively rules out fluctua­
tions as an explanation. The large total widths and widths for re­
emission [A1 63] add to the evidence against fluctuations.
Of the heavy-ion reactions studied below the Coulomb barrier 
only j60 + 160, 1 2C + 1ZC and 1 2C + 160 (as discussed in chapter 2) 
have been investigated at sufficiently low energies to draw any 
conclusions about the correlated structure mentioned above. This 
will be discussed in detail in chapter 3.
The i2C + lzC and 12C + J^ 0 reactions at energies above the 
Coulomb barrier have been investigated in detail [A1 64]>[Vo 64].,
[Ha 67a] [Ha 67b]. An extensive statistical analysis was carried 
out on the results of both reactions. The results appeared to be 
consistent with the predictions of the statistical model. The 
important point to note is that the correlation width for the 
l2C + lfc0 reaction, deduced by Halbert et al. [Ha 67a], is 110 keV.
b) HAUSER-FESHBACH PREDICTIONS
The derivation of the Hauser-Feshbach [H-F] formula for the 
differential and total reaction cross-sections is outlined in the 
appendix and is stated in appendix C, equations C.5 and C.4, res­
pectively. The results are based on the assumptions of the simple 
statistical model [Er 63]^[ßr 63]. However, very few attempts have 
been made to apply the H-F predictions to the results of heavy-ion
1 4 .
reactions. This is discussed in chapter 4. Prior to 1970 investiga­
tion of the predictions were made in connection with the * 123i2C + 12C 
reaction [Vo 64]. Vogt et al. concluded that the results were con­
sistent with the H-F predictions. Near the completion of this thesis 
a further successful attempt was made to apply the H-F model to the 
result of the 12C (^60,a) 2LfMg reaction [Gr 72].
1.4 NON-STATISTICAL BEHAVIOUR
Such behaviour is often identified by the following 
characteristics
1) larger or smaller width, 1’^ , than expected on the basis 
of statistical theory;
2) deviations of the cross-section from its mean value which 
appear improbable in statistical theory;
3) phenomena described by 1) and 2) which correlate in
several independent channels.
It should be emphasised here that the statistical theory 
described very briefly under the heading "Statistical Fluctuations"
is not correct. One of the reasons for this is that the number of
degrees of freedom introduced equals approximately twice the number 
of independent channels and this number may exceed that available to
the system. This was pointed out by Moldauer [Mo 67] who describes 
a different approach and finds that in the case of strong absorption
(Transmission coefficient T^ > 0.5) the widths and the cross-sections
are much more broadly distributed about their mean values than expected
on the basis of the simple theory, outlined above. It is clear there­
fore that one must be careful in identifying non-statistical behaviour.
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Unfortunately Moldauer does not give analytical expressions for the 
expected distributions which appear to be critically dependent on 
the value of the transmission coefficient as it approaches unity.
a) QUASI-MOLECULAR STATES
Several recent papers [Ma 72] 3 [Si 72],, [St 72]^[Co 72] 5 [Ga 71] 
have presented evidence for possible non-statistical behaviour in the 
form of broad structure ('v 2 MeV wide) and intermediate structure 
(n- 300 keV wide) seen at energies well above the Coulomb barrier in 
various outgoing channels following the lb0 + 12C and 1 b0 + 1 b0 
reactions. Earlier [Ma 69],, [Sc 70] it was also thought that structure 
of this kind could be seen in elastic scattering excitation functions. 
One possible explanation which is often put forward is that the 
structure is due to quasi-molecular resonances. In [Gr 71] a fairly 
detailed definition of quasi-molecular states is presented. When two 
complex nuclei such as I60 or 12C collide it is suggested that their 
surface nucleons are shared in a similar way to the outer electrons of 
atoms forming a molecule, with a resultant net attraction. Indeed, 
several attempts to estimate the average interaction potential energy 
of the interacting nuclei [Br 68] 9[Gr 71]V[F1 71]0[Re 72] show that a 
shallow minimum does occur for separation distances approximately equal 
to the sum of the nuclear radii. The existence of a repulsive core 
at much smaller separation distances remains an open question.
The small net attraction or shallow well depth of an optical 
potential allows the existence of quasi-molecular type states. This 
suggestion was first made [Vo 60], [Da 60] in relation to the narrow 
resonances seen at low energies in the lzC + l2C total reaction cross- 
section figure 1.3b. However, at energies well above the barrier,
16 .
where t h e s e  s t a t e s  a r e  unbound and f e e l  only  a small  e f f e c t  from t h e  
b ind ing  p o t e n t i a l ,  the  c h a r a c t e r i s t i c  width o f  q u a s i - m o le c u l a r  s t a t e s  
w i l l  be v e ry  broad .  The g ro s s  s t r u c t u r e  seen in  th e  e l a s t i c  s c a t t e r i n g  
e x c i t a t i o n  f u n c t i o n  i s  o f t e n  i d e n t i f i e d  w i th  q u a s i - m o le c u l a r  s t a t e s .  
However, as  d i s c u s s e d  above,  t h i s  i s  main ly  due t o  a d i f f r a c t i o n  
p a t t e r n .  Gross s t r u c t u r e  i n  o t h e r  channe ls  may be l in k e d  wi th  q u a s i -  
m o lecu la r  s t a t e s .
One s u g g e s t io n  t o  e x p l a in  i n t e r m e d i a t e  s t r u c t u r e ,  a l s o  
thought t o  e x i s t  a t  e n e r g i e s  above t h e  b a r r i e r ,  in v o lv es  a double  
re sonance  mechanism. In  t h i s  case  the  v i r t u a l  or  unbound q u a s i -  
m o lecu la r  s t a t e s  a r e  e x c i t e d  d i r e c t l y  i n  th e  e l a s t i c  channel  which 
i s  s t r o n g l y  coupled t o  t h e  i n e l a s t i c  c h a n n e l s .  One or  bo th  o f  t h e  
i n t e r a c t i n g  n u c l e i  a r e  e x c i t e d  red u c in g  th e  energy a v a i l a b l e  t o  t h e  
i n t e r a c t i n g  system t o  a va lue  n e a r e r  t h e  Coulomb b a r r i e r .  The 
e x c i t e d  n u c l e i  a re  t h e r e f o r e  more s t r o n g l y  in f l u e n c e d  by t h e  b in d in g  
p o t e n t l a l ^ r e s u l t i n g  i n  q u a s i - m o le c u l a r  s t a t e s  o f  s m a l l e r  width  th a n  
th o s e  in  t h e  e l a s t i c  c hanne l .  However, t o  produce i n t e r m e d i a t e  
s t r u c t u r e  in  t h e  e l a s t i c  channe l  t h e  i n i t i a l  energy must be such 
t h a t  r e sonances  o f  th e  c o r r e c t  an g u la r  momenta occur  i n  bo th  t h e  
e l a s t i c  and i n e l a s t i c  c h a n n e l s .  Coupled channel  c a l c u l a t i o n s  [Sc 70] 
[Fi 72] have p r e d i c t e d  i n t e r m e d i a t e  s t r u c t u r e  u s ing  t h i s  mechanism.
b) DOORWAY STATES.
One f u r t h e r  p o s s i b l e  e x p l a n a t i o n  o f  n o n - s t a t i s t i c a l  behav iou r  
(o f t e n  in t ro d u c e d  in  a q u a l i t a t i v e  form) i s  t h a t  c e r t a i n  s imple con­
f i g u r a t i o n s  o f  t h e  compound nuc leus  a r e  p r e f e r e n t i a l l y  e x c i t e d .  These 
c o n f i g u r a t i o n s  a r e  no t  as  s imple as  th e  s i n g l e  p a r t i c l e  s t a t e s  o f  th e  
compound nuc leus  o r  t h e  r e sonances  in  a p o t e n t i a l  w e l l  d e s c r i b i n g  t h e
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incoming channe l ,  but may in v o lv e  th e  e x c i t a t i o n  of  only a few nuc leons  
r e t a i n i n g  some degree  of  c o r r e l a t e d  or  o rde red  motion.  Q uas i -m olecu la r  
s t a t e s  and s t a t e s  d i r e c t l y  coupled  t o  th e  e l a s t i c  channel  a r e  t h e r e f o r e  
excluded  from t h i s  r a t h e r  broad d e s c r i p t i o n  o f  doorway s t a t e s .
To my knowledge,  no c a l c u l a t i o n s  have been c a r r i e d  out  in  
an a t tem p t  t o  p r e d i c t  i n t e r m e d i a t e  s t r u c t u r e  in  h eavy - ion  r e a c t i o n s  
a r i s i n g  from doorway s t a t e s .  However, i n  [Mi 72] a framework has 
been proposed  i n  which the  12C + 12C r e a c t i o n  may be c o n s id e re d  i n  
terms o f  an a lpha  c l u s t e r  model.  In t h i s  model t h e  12C n u c l e i  
a r e  t r e a t e d  as c l u s t e r s  o f  t h r e e  a lpha  p a r t i c l e s ,  co n s eq u en t ly  channe ls  
in v o lv in g  a lp h a  p a r t i c l e  decay  or  t r a n s f e r  a r e  expec ted  t o  be s t r o n g l y  
f a v o u r e d .
1.5 BRIEF OUTLINE OF THESIS
Almost a l l  exper iments  were c a r r i e d  out  as  a s ea rch  f o r  non- 
s t a t i s t i c a l  behav iour  o f  t h e  12C + J60 r e a c t i o n  and,  h o p e f u l l y , t o  
un d e r s tan d  such b e h av io u r .  However, s t a t i s t i c a l  b e h a v io u r  i t s e l f  
appea rs  t o  be a t  l e a s t  d i f f i c u l t  t o  p r e d i c t  q u a n t i t a t i v e l y  [Mo 67 ] .
The expe r im en ta l  d a t a  shou ld ,  t h e r e f o r e ,  a l s o  p ro v id e  a t e s t  of  
s t a t i s t i c a l  t h e o r i e s  a p p l i e d  t o  h eavy - ion  r e a c t i o n s .
The A u s t r a l i a n  N a t io n a l  U n i v e r s i t y  6MV tandem e l e c t r o s t a t i c  
a c c e l e r a t o r  was used  i n  t h i s  s tudy  o f  t h e  12C + lb0 n u c l e a r  i n t e r ­
a c t i o n  and t h i s  r e s t r i c t e d  th e  energy range  t o  e n e rg i e s  below 18 MeV 
in  t h e  c e n t r e  o f  mass system. Although only  th e  12C + 160 i n t e r ­
a c t i o n  was s tu d i e d  th e  a u t h o r  hopes t h a t  t h e  r e s u l t s  p r e s e n t e d  h e r e  
a re  r e p r e s e n t a t i v e  o f  o t h e r  " heavy - ion"  i n t e r a c t i o n s  in v o lv in g  n u c l e i  
in  t h e  mass range  o f  a p p ro x im a te ly  9 a .m .u .  t o  40 a .m .u .
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Chapter 2 contains a description of experiments designed to 
measure the total 12C + i60 reaction or absorption cross-section at 
energies below the barrier. Total alpha, proton and gamma-ray yields 
were measured in the energy range 4.5 MeV to 8.5 MeV centre of mass.
In an effort to explain the results, differential elastic 
scattering excitation functions were also measured for six centre of 
mass angles over the same energy range.
Chapter 3 discusses in detail the results of chapter 2.
The discussion is based on results of optical model calculations which 
are presented in detail,
Chapter 4 describes experiments to measure total yields 
of various residual nuclei including 160 in the 6.13 MeV, 3” state. 
Preliminary Hauser-Feshbach calculations were carried out as an 
attempt to compare the experimental results with predictions of the 
statistical model.
Chapter 5. Since the experimental yield of i&0 (6.13 MeV) 
nuclei was much greater than the yield expected statistically an 
angular distribution of the 12CC1&0,1b0 (6.13 MeV))52C reaction was 
measured with 41.2 MeV bombarding 160 ions. This experiment is 
described and a qualitative discussion of the results is given.
Appendix. This is made up of five sections. The first 
four are meant to be read consecutively. In these I have endeavoured 
to present concisely the basis of theories used in chapters 3 and 4. 
The final section, Appendix E, is a note regarding the definition
of the S-factor in section 2.2.4.
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CHAPTER 2
2.1 INTRODUCTION
This study of the 12C + 160 interaction began as an attempt 
to provide experimental data required for astrophysical studies of 
stellar evolution. The details are described in the introduction to 
section 2.2. The object of the experiment was to measure the total 
1lC + 1b0 reaction cross-section from energies of ^ 8 MeV c.m. down 
to 3.1 MeV c.m. The experimental work, analysis of data and results 
are discussed in section 2.2. An excitation function of the 
12C + total reaction cross-section was measured in the centre of 
mass energy range 4.54 to 8.53 MeV. The desired lower limit of 3.1 
MeV could not be reached because the cross-section became so small, 
due to the Coulomb barrier, that it precluded making measurements 
below 4.5 MeV in a reasonable time.
This excitation function showed the existence of strong 
fluctuations or resonances similar to those seen in the total i2C + izC 
reaction cross-section in the region of the Coulomb barrier [A1 60],
[Pa 69]. (These results have already been referred to in the 
introduction). To investigate this further, it was decided to 
remeasure the 12C + iD0 total reaction excitation function with better 
energy resolution. However, instead of measuring the total yield of 
charged particles, as in the first set of experiments, the total yield 
of y-rays detected in a Nal (Til) detector was measured as a function of 
energy. The reasons for doing this and the results obtained are 
discussed in section 2.3. These results showed conclusively that the 
resonances seen in the first set of results in section 2.2 did, in 
fact, have larger widths ('v 250 keV) than the coherence width (110 keV)
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of  s t a t i s t i c a l  f l u c t u a t i o n s  measured a t  h ig h e r  e n e rg i e s  [Ho 67a] ,
[Ha 67b] ,  [Ma 72] ,  More d e t a i l e d  measurements,  a l s o  d i s c u s s e d  
in  s e c t i o n  2 . 3 , showed f l u c t u a t i o n s  w i th  w id th  'v 60 keV superimposed 
on t h e  more prominent  r e sonances  w i th  t h e  l a r g e r  w id th ;  t h i s  
s t r u c t u r e  i s  assumed to  be due t o  f l u c t u a t i o n s  because  t h e  coherence  
width  could  r e a s o n a b ly  be expec ted  t o  d e c r e a s e  w i th  energy as th e  t o t a l  
number o f  open decay channe ls  d e c r e a s e s .  T h e re fo re  the  r e s u l t s  i n  
s e c t i o n s  2.2  and 2 .3  s t r o n g l y  i n d i c a t e d  t h a t  t h e  prominent  re sonances  
'v 250 keV wide could  not be e x p la in e d  by th e  s t a t i s t i c a l  model and t h a t  
t h e y  were p ro b ab ly  t h e  r e s u l t  o f  an e n t r a n c e  channel  phenomenon.
To i n v e s t i g a t e  t h i s  f u r t h e r ,  d i f f e r e n t i a l  e l a s t i c  s c a t t e r i n g  
e x c i t a t i o n  f u n c t i o n s  were measured f o r  s i x  c e n t r e  o f  mass ang les  and 
over a s i m i l a r  energy  ran g e .  D esp i te  the f a c t  t h a t  Coulomb s c a t t e r i n g  
t e nds  t o  obscure  any n u c l e a r  e f f e c t s  i t  i s  s t i l l  p o s s i b l e  t o  see 
ev idence  f o r  v a r i a t i o n s  i n  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n s  which 
might be a s s o c i a t e d  wi th  t h e  re so n an ces  seen in  the  r e a c t i o n  c h a n n e l s .  
However, t h e s e  v a r i a t i o n s  a r e  on ly  s i g n i f i c a n t  i n  e x c i t a t i o n  f u n c t i o n s  
measured a t  c e n t r e  o f  mass an g le s  backward o f  about  120°.
A b r i e f  survey  o f  t h e  r e l e v a n t  s t u d i e s  c a r r i e d  out  p r i o r  t o  
t h i s  work i s  g iven  in  s e c t i o n  2 . 2 . 1 .
2.2 EXPERIMENTAL INVESTIGATION OF 160 + 12C NUCLEAR BURNING AT 
STELLAR ENERGIES
Chapter  2 s e c t i o n  2 appea rs  i n  p u b l i s h e d  form in  th e  fo l l o w in g  
pages .  There a r e  four'  s u b s e c t i o n s  in  the  p u b l i s h e d  a r t i c l e  numbered 
1 t o  4 and seven d iagrams numbered 1 t o  7. These w i l l  be r e f e r r e d  t o  
as s u b s e c t i o n s  2 . 2 . 1  t o  2 . 2 . 4  and f i g u r e s  2.1 t o  2 .7 ,  r e s p e c t i v e l y .
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Abstract: The ,JC(I®0, a)14Mg and 1JC(I60 , p)27Al reactions have been studied for c.m. 
energies from 4.54 to 8.53 MeV to provide experimental data on their cross sections in the 
region of astrophysical interest. Excitation functions and angular distributions have been 
measured and are used to estimate the total and partial reaction cross sections for energies 
down to 3 MeV at which ,60  +  ,2C nuclear burning is expected to be important in stars. The 
cross sections for these reactions show a pronounced resonance structure similar to that 
found in the ,2C + ,2C system. These “quasi-molecular" resonances are grouped just below 
the Coulomb barrier energy and do not appear to extend below 6 MeV in the 1JC + , , 0  
system.
NUCLEAR REACTIONS 12C(160 , at), ,2C ('*0 ,p ), 4.54-8.53 MoV;
measured cra + p(£; Ea, £ p, 0), ora(£; £ a, 0). Deduced tra + p(£), oa(E) and <rp(£ ); 
__________extrapolated qB»p(£) for stellar nucleosynthesis. Natural target.________
1. Introduction
Following the exhaustion of helium in the helium-burning stage of stellar evolution, 
the core of a star is believed to contract and the temperature to rise until thermo­
nuclear reactions between the residual 12C and 160  “ash” are able to take place at 
temperatures of about one thousand million (109) degrees and upwards. The resulting 
reactions make possible the production of elements having masses in the intermediate 
range from about 20 to 30 and are therefore of considerable importance in nucleo­
synthesis. Arnett and Truran *) have recently made a thorough study of element 
synthesis in this region using a complicated network of coupled reactions which 
requires an extensive body of experimental information as input data. The most im­
portant reactions which take place at this stage are those between the 12C + 12C, 
160 + 160  and 160 + 12C primary nuclei. The cross sections of the 12C(12C, a)20Ne, 
12C(12C, p)23Na and 12C(12C, n)23Mg reactions have been measured recently by
545
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Patterson et al. 2) for c.m. energies down to 3.23 MeV f and they have used their data 
to extrapolate these cross sections to about 2.4 MeV, the mean energy at which these 
reactions are expected to proceed in the star. Preliminary measurements on the 
160 + l60  reactions have also been made by Spinka and Winkler 3) and work on 
these is continuing.
The cross sections for the 12C + 12C reactions show strong correlated resonances in 
the low-energy region, below 6 MeV, which have previously been interpreted 4) 
as “quasi-molecular” states owing to the large reduced widths these states are estim­
ated to have for decay into the 12C + 12C channel. At higher energies, above 10 MeV, 
the marked fluctuations in the differential cross sections for the ,2C(12C. y)20Ne
4 0 5  ' '
Fig. 1. The 12C +  160  energy level diagram, with the main decay modes for the mass-28 system
indicated.
reaction are well understood 3’6) in terms of statistical fluctuations due to the large 
number of overlapping states which are populated in the compound nucleus.
In attempting to estimate the total cross section at stellar energies for the ' 2C + 12C 
reactions, Patterson et al. 2) used an extrapolation procedure based on an analytic 
formula which is similar to the Gamow factor for s-waves. In fitting this expression 
to the data they used an interaction radius for the 12C + 12C system somewhat 
smaller than would be expected for the sum of two 12C radii. One of the objects of 
the present study was to investigate the validity of these extrapolation procedures 
through the 160 + 12C reactions.
The 160 + 12C reactions are expected to play their part in the stellar evolutionary 
process, both in explosive carbon and oxygen burning, and possibly during the final 
stages of hydrostatic carbon and oxygen burning. Information is needed in bi »th energy
f All energies in this paper are given in the c.m. system unless specified otherwise
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ranges. The temperature range where these reactions are expected to be important 
lies between (1.0±0.2) x 109 K for hydrostatic carbon burning *) and (3.6±0.1) x iO9 
K. for explosive oxygen burning 7). The corresponding effective thermal energies for 
i60 -f  12C are 3.1 and 7.2 MeV, respectively 8). In the experiments described below 
the yields of the 12C(160 , a)24Mgand UC(160 , p)27Ai reactions have been measured 
over the energy range 4.54 to 8.53 MeV and so cover a large part of the astrophysical 
region. The extrapolation problem is therefore less severe in the present experiment. 
The total reaction cross section at higher energies has been measured previously by 
Kuehner and Almqvist 9).
The energy level diagram for the 28Si compound nucleus formed in the 160 -f  12C 
reactions and the various decay modes available for break-up are illustrated in fig. 1. 
In accordance with the predictions of the statistical evaporation model 10>11) the 
major decay modes are expected to be the 24Mg + a  and 27Al + p channels. The 
12C(160 , n)27Si reaction, like the 12C(12C, n)23Mg reaction in the ,2C + ,2C 
system 2), is expected to contribute only a small percentage of the total reaction yield 
because of the low ß-value and relatively few states available in this mode of decay. 
Other reactions such as 12C(160 , 2a)20Ne which are energetically possible are un­
important for the same reason, and in addition are hindered by high Coulomb barriers 
in the exit channel. The transfer reactions such as 12C(160 , 170 ) ‘ ‘C all have negative 
ß-values.
Kuehner and Almqvist 9) have measured the totai reaction cross section for the 
l60 + 12C reactions as part of an optical model study of the elastic scattering. They 
measured the y-ray yield as a function of energy between 6.5 and 15.5 MeV and nor­
malized it to the alpha plus proton yield at four energies. All charged particles were 
detected at several angles and the angular distributions were integrated to obtain 
the total cross sections. Other work on the 160 + 12C system has been confined 
to the 12C(t60 , a)24Mg reaction with the object of studying the strong fluctuations in 
cross section which occur particularly above 9 MeV. Groce and Lawrence 12) have 
made measurements in the range 6.43 to 9.64 MeV on the ground state and first six 
excited states of 24Mg, which can be resolved relatively easily with a simple detector. 
A more extensive investigation of this reaction has been made at higher energies by 
Halbert et al. 13,14). They measured excitation functions and angular distributions in 
closely spaced steps over a wide energy range and performed a comprehensive fluc­
tuation analysis on the results. Angular distributions to the first six states of 24Mg 
were averaged over the energy interval 12.7 to 14.0 MeV and were shown to be sym­
metric about 90°, in accordance with the statistical compound nucleus model 10). 
The angular distributions were found to be peaked at the most forward and back­
ward angles due to the population of high spin states in the compound nucleus by the 
heavy ion interactions. This effect has been explained by Ericson and Strutinski 15). 
Halbert et al. 13,14) also show that their results are consistent with a pure compound 
nucleus reaction mechanism and sp no direct interaction need be considered in these 
reactions.
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2. Experiment».! procedure
The primary aim of the present experiments has been to measure the cross sections 
for the 12C(160 , a)24Mg and ,2C'(160 , p)27Al reactions in the astrophysical region 
and to extend the measurements to as low an energy as possible. In the first part of 
the experiment, the differential cross sections for these reactions were measured between 
4.54 and 8.53 McV centre of mass energies. Two 200 mm2 1000//m depletion depth 
solid state detectors set at ±30° to the beam were used for these measurements, the 
geometry being such that the angular resolution was poor but the solid angle large. 
One detector was operated at its maximum bias voltage, so as to detect both protons 
and a-particlcs; the second detector was run at low bias and effectively detected only 
the a-particlcs. The proton yield was then given by the difference of the two yields, 
after allowing for the solid angles. The second part of the experiment entailed mea­
surements with good angular resolution of angular distributions at 8.53, 7.67, 
6.81, 5.96 and 5.53 MeV. These angular distributions were used to relatethedifferential 
cross sections measured at 30° to the total cross sections.
The particle detectors were mounted in a 44 cm diameter scattering chamber at­
tached to the Australian National University tandem accelerator, which provided 
160  beams in 3+ and 4 + charge states of up to 1 nA on target. Because of the difficulty 
of reliably integrating heavy ion beam currents, the cross sections for the different 
reactions were obtained by normalizing the yields to the elastic scattering yields 
measured with a monitor detector placed at 60° to the incident beam. This detector 
observed the carbon recoil ions from the 160  elastic scattering at a centre of mass 
angle of 60°. At this angle the elastic scattering is predominantly Rutherford scat­
tering 9) for the energies used in the present experiment.
The carbon targets used were self-supporting foils of approximately 20 or 40 
Hg • cm-2 thickness which gave an effective c.m. energy loss of 45 or 90 keV, respec­
tively, for an incident 160  beam at 5.06 MeV. The targets were found to deteriorate 
slowly and increase in thickness under beam bombardment, which necessitated a 
change of either target spot or target approximately every six hours. The energy 
loss in the incident beam due to the finite target thickness was measured in a 61 cm 
double-focusing magnetic spectrometer by observing the energy shift suffered by 
160  ions elastically scattered from a thin gold foil when the ,2C targets were placed 
between the incoming beam and the gold foil. These measurements, with the tables 
of Northcliffe and Schilling16), enabled the approximate thickness in //g -c irT 2 
and the effective energy losses to be estimated for all other beam energies.
Because of the low counting rates encountered, the solid angles of the two 30° 
detectors used for the excitation function were increased at the lower bombarding 
energies. These detectors, which were collimated with 1 mm thick tantalum colli­
mators having 1.44 cm apertures, were mounted at distances of 10.0, 5.9 and 3.0 cm 
from the target. The largest distance gave the best energy resolution for the particle 
spectra and was used for the measurements in the energy range 8.53 to 6.04 MeV.
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The closer distances giving the larger solid angles were used at the lowest energies. 
For the angular distribution measurements an array o f up to seven detectors placed 
at 20° intervals was used, the solid angles subtended at the target beangaround0.002 sr. 
The depletion depths for these detectors varied between 700 and 1000 ^m.
2000
PROTON RECOILS
8 53 Mev
ö .ob’ 3 0 * 
3 25 V  BIAS
a (7 56)
. a < 7 35)
1000
PROTON EDGE 30  V BIAS
AS ABOVE
8 53 MeV
• 140*
p<4 41,4 51,4 58)
0  20  4 0  6 0  80  )00  120 140
CHANNEL NUMBER
Fig. 2. Energy spectra o f charged particles from the ,2C 4 -160  reactions obtained at 8.53 M eV  
with a 1000 /im  silicon detector and an angular resolution of 7°. The upper and middle spectra 
were both taken at 30° (lab) and with a 6.8 mg ■ cm -2 A1 foil and show the effect o f varying the 
detector bias from 325 V  to 30 V. The lower spectrum was taken at 140° (lab) with the same 
thickness foil. Note the large number of excited states contributing to the total yield.
Fig. 2 illustrates the results o f using different bias conditions on the two 30° de­
tectors. Typical spectra from the 12C (160 , a)24Mg and 12C (160 , p )27A l reactions 
obtained at 8.53 MeV are shown there. Because o f the high 0-values for the above 
reactions, a laboratory bombarding energy o f 20 MeV gives a-particles and protons 
with lab energies up to 21.9 and 17.5 MeV, respectively, at 30°. The higher-energy 
proton groups are not stopped within the 1000 //m depletion depth o f the detectors, 
and with fu ll bias appear as an unresolved group o f counts in the lower part o f the 
spectrum. With the detector bias reduced to 30 V the a-particles are still stopped but 
the proton edge now moves down to the lower end o f the spectrum. For most o f the
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ot-particlc measurements the detector bias was reduced still further to bring the proton 
edge down close to the proton recoil peak. This strong lowr-energy peak (see figs. 2 
to 4) is due to elastic scattering events in which hydrogen impurity nuclei are knocked 
out o f the target by the ,60  ions. The proton recoil peak is confined to forward lab­
oratory angles. Near 90' the yield o f this group becomes extremely large, but for­
tunately, the energy is then extremely small. At backward angles (e.g. 140°) the 
spectra consist largely o f proton groups since the a-particles have now shifted to lower 
energies, as is shown in fig. 2.
Thin foils were placed in front o f the detectors to stop the elastically scattered 
,60  and 12C ions. These foils normally consisted of four thicknesses of 1.7 mg • cm-2 
aluminium as a precaution against the effects o f pinholes in the foils. The total thick­
ness of foil used was sufficient to stop 160  ions elastically scattered from any high-Z
E #x ( ,7AI)I2 10 8 6 4 2 0
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E „ ( ,4Mg) 13 12
1 1 i 1 \ i
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Fig. 3. Spectrum taken at 20°..(lab) and 8.53 MeV bombarding energy during the angular distri­
bution measurements. The figure shows the variation across the spectrum in solid angle ratio, 
G, and c.m. angle, 0, for both alphas and protons. Bv and Ba mark the positions of the 
Coulomb barriers for the outgoing particles, used in arriving at an average G and 0 for the whole 
spectrum as explained in the text. The corresponding excitation energies in the residual nuclei 
24Mg and 27A1 are also shown. The highest-energy proton groups are folded back under the 
spectrum as the full energy is not deposited in the 1000 //m  depletion depth of the detector.
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Fig. 4. Spectra from the 12C -f  ,60  reactions taken at 5.53 and 5.06 MeV. The upper spectrum 
was measured using a 700 /<m detector und 6.8 m g - c m " 2 AI stopping foil with 1.6° angular 
resolution. For the lower spectrum, a 1000 /m i detector and 6.8 mg cm-2 A1 foil was used, and 
the angular resolution was 14°. A comparison shows that part of the wide-anglo spectrum taken 
in the excitation function measurements was obscured by the pile-up tail o f the intense proton
recoil peak.
impurities in the target as well. One disadvantage of the foils was that a-particles with 
laboratory energies less than about 4 MeV were not detected.
2.1. A N A L Y S IS  O F D A T A
Angular distribution measurements of the a-particle and proton yields were required 
to determine the total cross sections. Because o f the large c.m. motion the a-particle 
and proton lab energies change rapidly with angle. The observed yields to the higher 
excited states can be severely alTected by the stopping foils; in fact, at backward angles 
the spectra consist almost exclusively o f proton groups. The rapid change in the 
composition of the spectra with angle and the presence of the proton recoil peak ma­
kes accurate angular distribution measurements very difficult. However, in estimating 
the total cross sections from the combined a-particle and proton yields it is only 
necessary to use the angular distribution data at forward angles, provided it is assum­
ed that the angular distributions are symmetric about 90°, in accordance with the 
statistical model. The most uncertain points in the angular distribution data were 
those around 90° but it was found that a change of 15 % in these cross sections alTected 
the total cross section by less than 3 %. Thus these uncertainties did not have a major 
effect on the total cross sections.
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A further problem, which arises in the analysis of the data, is the variation of the 
solid angle conversion factors and centre of mass angles with excitation energy and 
between a-particles and protons. Fig. 3 contains a spectrum taken with good angular 
resolution at a lab angle of 20° and an energy of 8.53 MeV. This figure shows the 
variation in the solid angle conversion factors Ga and Gp and c.m. angles 0a and 0p 
for different excitations in the residual nuclei 24Mg and 27A1. The maxima in the 
individual evaporation spectra are assumed to occur at excitation energies of Ba 
and Bp which correspond to the a-particles and protons having their respective 
Coulomb barrier energies in the outgoing channels. The Coulomb barriers were taken 
to be 5.6 MeV for 24Mg + a and 3.4 MeV for the 27Al + p channel. The values of Ga 
and Gp required to convert the a-particle and proton yields from the excitation 
function to differential cross sections in the c.m. system were those which correspond­
ed to the respective Coulomb barrier energies. Since the a-particle and proton yields 
could not be separated in the angular distribution measurements an average G, 
obtained by weighting Ga at Ba and Gp and Bp according to the a-particle and proton 
yields from the 30° data, was used to convert the a + p yields to the c.m. system. 
Similarly the c.m. angle was taken to be the weighted mean of 0a and 0P calculated for 
the same barrier energies.
At 20° lab almost all of the excited states are observed in the spectra since the 
effect of the foils is partly counteracted by the considerable c.m. motion. The combined 
effects of the foils and kinematics cause the cut-off to increase to an estimated 15% 
at 90° c.m. This cut-off prevented the measurement of reliable angular distributions 
at backward angles. The shape of the spectrum in fig. 3 is typical of a compound 
nucleus evaporation spectrum except for the proton recoil peak, which can be sub­
tracted out at the highest energies. In the angular distribution measurements the 
yield beneath and below the proton recoil peak was thus taken into account.
In estimating the total cross sections from the excitation function data, the a + p 
and a-particle yields at 30° lab were not corrected for the effects of the angular dis­
tribution and foil cut-off. The c.m. differential cross sections for alphas and protons 
corresponding to 30° lab were calculated from the separate lab yields as described 
above. The a + p c.m. differential cross sections were then obtained by summing the 
individual cross sections. The integrated cross sections were obtained by simply 
multiplying these values by 4tt, i.e., by assuming isotropy in the c.m. system. They 
were to be normalized later if necessary to the more accurate angular distribution 
values.
Insufficient a-particle groups could be resolved in our spectra to give meaningful 
a-particle angular distributions. However, the proton yields could be observed, at 
backward angles for excitations in 27A1 up to 5.5 MeV (or 6.5 MeV in one case). 
The proton angular distributions were measured at forward angles to the point where 
the highest-energy protons were no longer stopped in the detectors.
At low energies the poor angular resolution and low counting rates make the 
detection of weak impurity groups difficult. Background not associated with the
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target was checked by running beam through the target chamber with a target blank 
in position. Background associated with pile-up from the proton recoil peak was 
allowed for by summing from a higher channel. A constant spectrum shape was 
assumed and a proportionate number o f counts were added to make up for the miss­
ing channels. The steady decrease of the cross section at even the lowest energies 
suggests that there are no impurity reactions contributing appreciably to the cross 
section in this energy region; such reactions would not be expected to exhibit the same 
energy behaviour as the reactions of interest.
PROTONSALPHAS ♦ PROTONS
-  8 53
-  7 67
120 180 0  60  
CENTRE OF MASS ANGLE (DEG)
Fig. 5. Angular distributions o f the total yield and of tho protons, showing consistency with 
symmetry about 90°. The smooth curves are the Legendre polynomial fits using terms P0 and P2 which 
were used in estimating the total cross sections. The proton yields were summed to excitations 
in J7A1 of 6.5 M eV for the 8.53 M eV curve and 5.5 MoV for the other three. No reliable estimate 
of the proton yield could be obtained at 5.53 MeV because o f large subtraction errors.
Fig. 4 shows for comparison two low-energy spectra; the lower one is taken from 
the excitation function data at 5.06 MeV, and the upper one from the angular dis­
tribution data at 5.53 MeV. Peaks such as a0, a n  p0 and a2i 3 can be seen as well as 
unresolved groups corresponding to higher excited states. A  small deuteron recoil 
peak can be seen in the 5.53 M eV  spectrum and is attributed to the minute deuterium 
fraction in the hydrogen impurity in the target. The proton recoil peak became ex­
tremely large at the low energies. Because of the large solid angle used there, some 
pile-up resulted which obscured part of the spectrum. This effect was investigated in
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Fig. 6. Cross section for the IJC (IA0 , a)I4Mg and 12C(,<sO, p)J7Al reactions measured between 
4.54 and 8.53 McV c.m. energies. A good estimate of the total reaction cross section for the 
,60-4-,aC system can bo obtained from this curve by adding about 10-15 % for the *JC(l,sO, n)J7Si 
contribution 21). The solid line is a theoretical curve, normalized at tho lowest energies (sec 
text and fig. 7), which represents tho best extrapolation to lower energios given by the present data. 
Tho insert shows the data of Kuchner and Almqvist 7) plotted as solid squares compared with 
the present data, shown as a solid curve.
the angular distribution measurements, which were free of pile-up. The excellent 
agreement (see sect. 3) of the total cross sections obtained from the excitation function 
and angular distributions shows that any systematic errors introduced into the 30° 
data by neglecting the part of the spectrum below the proton recoil peak must be
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T able I
Total cross sections for the ,JC (I60 , a )I4Mg and lJC (160 , p)J7Al reactions versus c.m. energy
Energy
(MeV) (mb)
<*p
(mb) (mb)
Error
(% )
4.54 0.00058 0.00062 0.0012 26
4.59 0.00078 0.00091 0.0017 26
4.63 0.00084 0.00089 0.0017 25
4.71 0.0013 0.0016 0.0029 25
4.80 0.0020 0.0021 0.0041 25
4.89 0.0023 0.0030 0.0053 24
4.97 0.0032 0.0052 0.0084 24
5.06 0.0054 0.0078 0.013 24
5.14 0.0082 0.011 0.019 23
5.23 0.0102 0.014 0.024 23
5.31 0.015 0.024 0.039 23
5.40 0.022 0.032 0.054 22
5.49 0.033 0.041 0.074 22
5.53*) 0.093 22
5.57 0.047 0.052 0.099 21
5.66 0.058 0.073 0.13 21
5.74 0.081 0.110 0.19 21
5.83 0.14 0.16 0.30 21
5.91 0.23 0.17 0.40 20
5.96*) 0.52 20
6.00 0.60 19
6.04 0.43 0.45 0.89 19
6.13 0.53 0.81 1.34 19
6.21 0.71 0.96 1.7 19
6.30 1.10 1.28 2.4 19
6.34 2.9 19
6.39 1.44 2.0 3.5 19
6.47 2.3 2.7 5.1 19
6.56 3.5 3.1 6.6 19
6.64 4.1 3.9 8.0 19
6.73 3.7 4.1 7.9 18
6.81 *) 9.1 18
6.81 4.3 4.4 8.6 18
6.90 5.0 6.5 11.5 18
6.99 7.5 8.3 15.8 18
7.07 10.0 9.2 19 18
7.16 12.0 12.9 25 18
7.24 12.8 15.4 28 17
7.33 15.4 18.1 34 17
7.41 15.7 20 36 17
7.50 16.7 24 40 16
7.59 21 27 47 16
7.67 *) 53 15
7.67 24 26 51 15
7.76 27 35 62 14
7.84 30 36 66 14
7.93 33 41 74 13
8.01 35 44 79 13
8.10 36 47 82 13
8.19 43 55 98 13
8.27 55 69 124 13
8.36 57 74 13! 13
8.44 56 81 137 13
8.53 *) 137 13
8.53 60 82 142 13
*) Cross sections for these energies were obtained from angular distribution data.
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rather constant with energy, and apparently compensate for the false assumption of 
isotropy described earlier.
3. Results
The angular distributions of the a-particle + proton yields at five energies and of the 
protons at four energies are shown in fig. 5. The general shape of the distributions is 
similar to that found by Halbert et al. 14) at about 13 MeV. The proton angular 
distributions support the assumption of symmetry about 90°. These data were fitted 
with an even order Legendre polynomial expansion containing terms up to P2 (cos 0) 
in order to extract the total cross sections.
The absolute errors involved in obtaining the total cross sections from the a- 
particle + proton angular distribution data have been estimated as follows:
(i) At each energy we have used an average value of G to convert the laboratory 
yields to the c.m. system. These values are averages between the respective G-values 
for the a-particlcs and protons, which themselves vary as a function of excitation 
energy in the final nucleus as shown in fig. 3. The a-particle and proton yields were 
weighted approximately equally in accordance with their respective laboratory yields 
as determined from the 30° data. The angle 0 used is also an average value. We 
estimate the total error involved in these procedures to be 10 %.
(ii) The error arising from the cut-off by the foils and in the estimation of the 
yield below the proton recoil peak varies from 5 % at the highest energies to 10% 
at the lowest energies.
(iii) The estimated error involved in the solid angle determinations and the mon­
itoring system is 5 %.
(iv) The uncertainty in target thickness (which is mainly due to carbon build-up 
and deterioration of carbon foils) is estimated as ±  10 /ig • cm-2. This leads to an 
error in c.m. energy of +25 keV resulting in an uncertainty in the final cross sections 
of 3 % at the highest energies and 20 % at the lowest energies.
(v) The error due to counting statistics was always less than 4 %.
On taking all sources of error into consideration we then estimate the absolute 
errors on the total cross section at the lowest energy as 26 %. Relative errors mainly 
due to (ii) and (v) are confined to a few per cent except at the lowest energies.
The total a + p cross sections, with errors, obtained from both the 30° excitation 
function and angular distribution data are listed in table 1 and illustrated in fig. 6. 
This figure also contains a theoretical extrapolation of the cross section to lower 
energies which is discussed in sect. 4. The separate cross sections for the a-particles 
and protons are also given in table 1. The sets of data from the two different measure­
ments shown in table 1 have not been normalized and the excellent agreement between 
the total cross sections obtained from the 30° and angular distribution data is grati­
fying, but must be assumed to be partly fortuitous.
It can be seen that the cross sections given in table 1 cover a range of five decades 
and extend well down into the region of astrophysical interest.
3 3 .
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4. Analysis and discussion
At the energies investigated the cross section behaviour is governed by the Coulomb 
barrier. In order to bring out the non-Coulomb dependence of the cross section the 
results were analysed according to the theory of average cross sections 10,17).
In the continuum region of compound nucleus formation the total absorption cross 
section may then be written
°  “  ~2 X (2/+ l)7’i,
k  i
O +  p
4 0  5 0  6 0 7 0  8 0 9 0
ECM(MeV)
Fig. 7. Values of 5  obtained from expression (1) using aa + p, oa and crp from table 1. The 
"quasi-molecular" resonances which appear above 6 MoV are clearly seen in all three curves. 
Relative errors are confined to a few per cent except at the lowest energies. There is more 
scatter in the proton points because of subtraction errors. The cross section extrapolation to lower 
energies has been made on the basis o f the points between 4.5 and 5.5 MoV, below the resonance 
region, assuming 5' =  const. -= 0.025 MeV ■ b (dashed line).
where k is the wave number and T, is the transmission function in the incident channel 
fora relative orbital angular momentum /. It is assumed ,8) that the main energy and 
/-dependence of T, is given by the Coulomb penetration factor
P _  _
' /t + c ?
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Here R is the channel radius and /•', and G, are the regular and irregular Coulomb 
functions evaluated at R. We therefore write
<r(£) = S(f ' l ( 2 / + l ) / > „  (1)
E t
where the intrinsic nuclear behaviour is contained in the 5-factor, which is expected 
now to very only slowly with energy. The S-factor is closely related to that 
defined by Burbidge et al. 8) where the penetration factor is approximated by the 
Gamow factor for s-waves. For heavy ions it is necessary to take into account the 
effects of higher /-values and a finite radius as we have done here. It was found that 
contributions from / > 10 were negligible. The maximum value / = 10 also coincides 
with the semi-classical cut-off R/X. The radius chosen was 6.73 fm which is the sum of 
the 160  and 12C radii assuming R =  1.4 (A\ + A\).'
Fig. 7 shows the S-factors, for each cross section measured, plotted as a function 
of energy for the alpha, proton and total yields. The results show strong “quasi- 
molecular” resonances at energies above 6 MeV, similar to those seen in the 12C + 12C 
reactions. The peaks occur in the total yield, the a-yield and the proton yield. The 
degree of correlation exhibited by the curves rules out fluctuations as a dominant 
effect. The resonance widths are too narrow to be due to size effects of an optical 
potential. The widths are not clearly defined by the present experiments but appear to 
be about 400 keV, comparable with the spacing at lower energies. It seems clear from 
all three curves that these resonances appear only above a certain energy, about 
6 MeV, and become more closely packed at higher energies. Below the first resonance 
the S-factors fall to approximately constant values, and the simplest assumption is 
that S(E) remains constant below this energy. The resonances would then resemble 
states in a potential well and show qualitative agreement with the description given by 
Vogt and McManus for the ' 2C+ 12C data 1l)). More recently Michaud and Vogt 20) 
have suggested that these “quasi-molecular” states may represent doorway states 
arising from a-particle clustering of the heavy ions. Widths of the correct order are 
predicted by this model; however, the excitation energies have not yet been calculated.
If it is assumed that there are no further resonances below about 6 MeV, an 
extrapolation of the cross sections to lower energies may be carried out in a straight­
forward manner by the use of expression (1). Using a radius of 6.73 fm and basing 
the extrapolation on the data points between 4.5 and 5.5 MeV we calculate the total 
a + p cross sections at 3.0, 3.5, 4.0 and 4.5 MeV tobe 1.0 x 10“ 1 \  1.1 x 10“ 9,4.6 x 10“ 8 
and 9x 10“ 7 b, respectively. Other values may be read off from fig. 6. The a-particle 
and proton yields may be extrapolated similarly on the basis of their relative cross 
sections below about 6 MeV. The total absorption cross sections may be obtained 
from these data by allowing for a 10-15% contribution from the 12C(’ 60 , n)27Si 
reaction 21).
If a different channel radius is chosen, the values of S will alter. Provided the ex­
trapolation is not extended too far the predicted cross sections are not very different.
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At 3 MeV, when a radius of 5.77 fm is used, corresponding to R = 1.2 (A\ + A\)  fm, 
the predicted cross section is 25 % less than the value quoted above; when a radius of 
7.69 fm is used, for R =  1.6 (A\ + A\)  fm, the predicted cross section is 40 % greater 
than the quoted value.
Considering the absolute experimental errors involved, and the effects of varying 
the channel radius, we conclude that the method presented here for estimating stellar 
cross sections should be accurate to —40 % and +50 % at an energy of 3 MeV and 
better than this over most of the energy range presently considered important.
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2.3 MEASUREMENT OF THE 12C + 160 TOTAL REACTION CROSS-SECTION USING
THE INTEGRATED y-RAY YIELD
2 . 3 .1  EXPERIMENTAL METHOD
I t  was dec ided  t o  improve on th e  12C + 150 r e a c t i o n  e x c i t a t i o n  
f u n c t i o n  d e t e r m in a t io n  because  the  r e s u l t s  ob ta in ed  by d e t e c t i n g  th e  
t o t a l  y i e l d s  o f  charged p a r t i c l e s  had
1. an energy r e s o l u t i o n  o f  45 t o  90 keV due t o  energy
lo s s  in  t h e  20 t o  40 yg/cm2 12C t a r g e t s .
2. c o n ta in ed  e r r o r s  (d i s c u s s e d  i n  s e c t i o n  2 .2 .3 )  due t o ,
(a) t h e  co n v e r s io n  o f  y i e l d s  in  t h e  l a b o r a t o r y  system 
t o  t h e  c e n t r e  o f  mass system
(b) c o r r e c t i n g  t h e  l a b o r a t o r y  spectrum f o r  t h a t  p a r t  
o f  i t  which i s  l o s t  due t o  f o i l s  in  f r o n t  o f  t h e  
c o u n t e r  e t c .
(c) coun t ing  s t a t i s t i c s .
Th is  was c a r r i e d  out  by remeasur ing  th e  e x c i t a t i o n  f u n c t i o n  
u s ing  5 yg/cm2 n a t u r a l  ca rbon t a r g e t s .  The improved energy  r e s o l u t i o n
(v 15 keV c .m.)  was s u f f i c i e n t  to  observe  t h e  t r u e  wid ths  o f  what appear 
t o  be re sonances  w i th  w id ths  ^ 250 keV seen in  f i g u r e  2 .7 .  Any f l u c t u a ­
t i o n s  which might  e x i s t  in  t h e  c r o s s - s e c t i o n  could  a l s o  be observed 
s in c e  th e y  a r e  expec ted  t o  have a width  ^ 100 keV [Ha 6 7a] ,  [Ha 67b] ,
[Ma 72].
E r ro r s  due t o  2a and 2b, l i s t e d  above,  which occur  in  t h e  
p rev io u s  measurements ,  were removed by d e t e c t i n g  th e  t o t a l  y - r a y y i e l d  
(or  a p r o p o r t i o n  o f  i t )  from t h e  12C + 160 r e a c t i o n  and u s ing  t h i s  
r a t h e r  th a n  t h e  charged  p a r t i c l e  y i e l d  t o  de te rm ine  t h e  e x c i t a t i o n  
f u n c t i o n .  Counting s t a t i s t i c s  were a l s o  improved by u s in g  th e
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NaI(T£) detector so that it subtended a large solid angle (see figure 
2.8). In addition to this, more y-rays are produced from the 
J 2C + 160 reaction than charged particles due to y-ray cascades. 
Therefore, errors due to counting statistics were negligible over 
most of the energy range in the excitation function. However, at 
the lowest bombarding energies (e.g. below 6 MeV cm.) the cross- 
section becomes very small so that there were also problems with 
background subtraction which will be discussed later.
Unfortunately, the total number of y-rays produced in the 
i2C + 160 reaction cannot be expected to be directly proportional to 
the total reaction cross-section over a wide energy range. One 
reason for this is that as the average excitation energy and angular 
momentum in the residual nuclei is increased,higher members of 
rotation bands may be populated and extra y-rays will be produced in 
the cascade. The number of y-rays emitted would also depend on the 
extent to which the residual nuclei particle decay. However, at the 
low bombarding energies in the present experiment the number of 
residual nuclei which particle decay is expected to be very small com­
pared to the total number formed. Therefore, over energy ranges 
smaller than the average spacing of members of rotational bands at 
high excitation energies 10 MeV) in 27A1 and 2LfMg, the number of
y-rays produced is expected to follow the total reaction cross-section 
very closely. The validity of this assumption may be tested by com­
paring the relative shape of the excitation function obtained from 
the y-ray data with that shown in figure 2.7.
Self-supporting 5 ug/cm2 natural carbon targets were placed 
in a D-shaped target chamber, shown in figure 2.8, and were bombarded 
with lb0 ions in the energy range 12 MeV to 20 MeV. The beam was
3 8 .
collimated by two 0.23 cm diameter collimators 15 cm apart and 'v 60 cm 
from the target. The reaction rate was monitored using a 100 ym 
thick Si surface barrier detector which was set at 60° to the beam 
direction to detect 12C recoils; the cross-section for 12C recoils 
at this angle and in this energy range is given by the Rutherford 
scattering formula [Ku 64]. Reaction y-rays were detected using a 
7.6 cm diam. x 7.6 Cm long Nal (T£) crystal placed at 90° to the beam 
and 3 cm from the target centre.
The electronic arrangement to amplify the pulses from the 
monitor and photomultiplier attached to the NaI(T£) crystal is shown 
in figure 2.9. The integration and differentiation time constants 
of the main amplifiers (ORTEC 410 linear amplifiers) were set to 
0.5 ysec. The input to the SCA (single channel analysers) were 
bipolar pulses 'v 3 ysec wide. The SCAs were operated in the 
integrate mode.
The counting rate of both scalers was kept below 300 cts/sec 
which gave negligible dead time correction since the resolving time 
of the scalers was less than 0.5 ysec. Furthermore, errors due to 
pile up were less than 0.1%.
In the case of the monitor, the spectrum contained two peaks 
which were due to 12C recoils and proton recoils from hydrogenous 
impurities in the target. Therefore, the lower level of the SCA 
was set just below the 12C recoil peak. The position of the peak was 
monitored in a 1024 channel PHA (pulse height analyser). For each 
new 160 energy the gain of the main amplifier was adjusted so that the 
recoil peak appeared at the same position in the PHA. The scaler, 
therefore, recorded the yield of 12C recoils.
The discrimination level of the SCA associated with the NaI(T£)
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detector was set to correspond to 900 keV y-ray energy. This reduced 
the y-ray background considerably since it was largely due to 3-decay 
of 56Co (56Co contamination occurs in the beam line and target chamber 
following the 56Fe(p,n)58Co reaction). Unfortunately, the 900 keV 
limit also excludes the contribution to the y-ray yield from the 780 
keV and 843 keV levels of 2 2Si and 27A1, respectively. (The main 
decay modes of 28Si are given in figure 2.1 section 2.2.1.) However, 
many of the low-lying excited states in these nuclei have a large 
probability to decay directly to the ground state, bypassing the first 
excited state [En 67]. These y-rays were detected.
The y-ray background above 900 keV is due in part to 3-decay 
of 56Co and 1 °K; the 40K occurs in the cement walls of the laboratory 
and its contribution to the background was reduced by surrounding the 
D-chamber and Nal detector (see figure 2.8) with lead bricks to a 
total thickness of about 20 cms. This also reduced to a negligible 
amount the beam associated y-ray background from the collimators and 
beam dump. The increase in the y-ray background when beam was passed 
through a target blank, in position, was found to be negligible. No 
attempt was made to reduce the background due to the 3-decay of 58Co 
because the resulting beam associated y-ray background counting rate 
was 10 cts/sec, which was quite tolerable.
2.3.2 RESULTS
Measurements were made at intervals of 43 keV c.m. energy
between 5.4 and 8.5 MeV c.m. for the 12C + 160 reaction. At the
end of each measurement the scalers S..„.7 and SXT T (see figure 2.9)MON Nal
were recorded. Using these data, o(E) was obtained from the 
equation,
40.
a (E)
K (SNal B -t) E Y____
2
cm
SMON
where t is the time taken for the recording and B^ is the y-ray 
background counting rate. is the centre of mass energy and K is
a constant which was determined by normalizing the relative excitation 
function obtained in this experiment to that in figure 2.7. This was 
done by obtaining K at several energies across the full energy range 
and averaging the results. The average value of K was then used to 
obtain o(E). The excitation function in figure 2.7 was first 
increased by 10% to allow for the neutron yield [Sp 70].
The final excitation function is shown in figure 2.10a as 
a plot of S-factors which are defined in section 2.2.4. Statistical 
errors were generally less than 1%, while absolute or systematic 
errors in the S-factors due to uncertainties in target thickness and 
hence energy may be 'v 3%. It is clear that the energy resolution has 
been improved considerably (except for energies below 5.7 MeV where a 
40 yg/cm2 target was used because of the small cross-section). Peaks 
can be seen at 6.9, 7.1, 7.6 and 7.9 MeV in an energy region which was 
not clearly defined in the former measurements. Peaks can also be 
seen at 6.1, 6.5 and 8.3 MeV as expected from the earlier measurements.
Several peaks of small amplitude and small width seem to be 
superimposed on the broad peak at 6.5 MeV. To investigate this further 
more detailed measurements were made in the energy range 6.15 to 6.75 
MeV c.m. Results were recorded at 10 keV c.m. energy intervals as 
the energy was first increased from 6.15 to 6.75 MeV c.m. and then 
decreased over the same energy range.
The target thickness increased with time for these measure­
ments as it did for those described earlier. Again, the target
figure 2.10.
a) Excitation function of the S-factors derived from 
the total y-ray yield from the 12C + 160 reaction,,
b) A region of the excitation function of figure (a) 
measured in smaller energy intervals. Small 
amplitude fluctions are seen superimposed on the 
broad and very prominent resonance at 6.5 MeV.
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thickness was assumed to increase in thickness linearly with the 
total beam. The energy for each cross-section measurement was then 
corrected by subtracting half the average energy loss in the target.
The S-factors which are strongly dependent on the energy were then 
obtained and checked for consistency since the energy range 6.15 to
6.75 MeV was covered twice. A consistent set of results were
-2obtained assuming target thickness increased at a rate of 0.4 yg cm 
mC ^.
The final results are shown in figure 2.10b, Once again 
relative errors are ^ l% while absolute or systematic errors are less
than 3%, the major part being due to uncertainties in the energy loss
in the target. Peaks can be seen clearly at 6.31, 6.45 and 6.55 
MeV with a width ^ 60 keV. These have been attributed to fluctuations.
Assuming this, it was noted that the width is smaller than the correlation
\
width, 120 keV, measured at higher energies [Ha 67a], [Ha 67b]. This 
is expected, however, since the number of outgoing channels has 
decreased. Furthermore, the number of independent channels at 6.7 MeV 
c.m. has been estimated from the density of states formulae to be 
^ 600. Hence, statistical fluctuations of the total cross-section 
from its mean value are expected to have a standard deviation of 4%, 
which appears to be consistent with the results.
In summary these results together with those of figure 2.7 
indicate the existence of peaks with widths between 200 and 300 keV 
c.m. at 6.1, 6.5, 7.1, 7.7 and 8.4 MeV c.m. Small fluctuations 
^ 60 keV wide appear superimposed on these resonances at a number of 
energies, a detailed example of which is given in figure 2.10b.
42.
2.4 ELASTIC SCATTERING 
2.4.1 INTRODUCTION
In order to understand the nature of the resonances observed 
in the total reaction cross-section it is important to establish 
whether or not they have definite spin or if one spin value dominates. 
In an effort to determine this, elastic scattering differential cross- 
section excitation functions were measured for a number of centre of 
mass angles. These angles include 124.0° which is within 0.5° 
of a zero of P^, 90° which is a zero of P , P^ etc. and 149.4° which 
is a zero of P . Here Pj refers to the Legendre polynomial of 
degree J .
P^ also has a zero at a more backward centre of mass angle, 
namely 140.8°, which corresponds to a laboratory angle of 48.56°. 
However, at this angle it can be appreciated from figures 2.11 and 2.12 
that both the experimental energy and angular resolution in the centre 
of mass frame would be very poor.
It was hoped that despite the fact that Coulomb scattering 
amplitude is large compared to the resonant scattering amplitude, 
variations in the differential cross-section corresponding to the 
resonances in the reaction cross-section would be seen. If this 
is the case then it may be possible to determine whether or not a 
single spin J is associated with each resonance for the following 
reason. If spin J can be associated with a particular resonance 
then variations in the elastic scattering excitation function at the 
same energy as the resonance should be very small if the detector 
is set at an angle corresponding to a zero of Pj. That this is the 
case can be seen from the following expressions.
4 3 ,
do .
= |f(9)l2
f(6) 2S  2ihll-e *) (cose)
These have been taken from equations B.2 and B,3 of appendix B. Hence 
it may be possible to determine J.
region of the Coulomb barrier were carried out by Kuehner and Almqvist 
[Ku 64], however, those experiments were not designed to supply the 
information sought here.
2,4.2 EXPERIMENTAL METHOD
In this experiment 12 to 24 MeV 1 60 ions were directed 
through two 0.15 cm diameter collimators, each followed by a 0.23 cm 
diameter antiscattering baffle, onto a self-supporting 5 yg/cm2 
natural carbon target. The target was mounted in a 44 cm diameter 
scattering chamber. Four 120 ym thick silicon surface barrier 
detectors, collimated by 5 mm (vert) x 1 mm (horiz) slits and 
mounted 18.2 cm from the target, were used to detect the scattered 
and recoiling ions.
being transmitted to the collection area where they were further 
amplified and shaped; pre-amplification near the detector is 
necessary to obtain a large signal ,to noise ratio. The pre-amplifiers
I '• ,
were ORTEC 109A charge sensitive amplifiers with integration and 
differentiation times of 50 nsec and 50 ysec, respectively. The 
integration and differentiation time constants of the RC network in
Previous 12C + 160 elastic scattering measurements in the
The pulses from the detectors were pre-amplified before
44.
the ORTEC 410 linear amplifier were set to 0.5 ysec. The output 
bipolar pulses were fed into a "routing box" which produced a logic 
pulse for each input pulse whose height was one of four values to be 
used later to identify the source of the pulses, i.e. the detector.
The bipolar pulses were then summed and sent into A.D.C. 1 (analogue 
to digital converter) while the summed logic pulses were fed simul­
taneously into ADC 2. The ADCs were interfaced to an IBM 1800 
computer which accepted the two numbers as an event. The 4096 word 
memory was divided into 4 blocks of 1024 words. The first number 
determined in which block the second number (bipolar pulse height) 
would be stored. In this way spectra from the four detectors were 
recorded.
Since the outputs from all detectors were summed and sent to 
the same ADC, the dead-time was the same for all detectors. Further­
more, the results are given finally as a ratio of yields in various 
peaks recorded at the same energy so that no dead-time corrections 
needed to be made. Also it should be noted that since the total 
counting rate was always less than 50 cts/sec, errors due to pile-up 
were negligible.
The detectors were set at the angles shown in the velocity 
diagram, figure 2.11. Detectors 1 and 2 were mounted on a plate 
which could be rotated about the centre of the chamber. Detectors 
3 and 4 were mounted on a similar but separate plate. The accuracy 
of the angular calibration of each rotating mount was tested by 
measuring the yield of scattered 160 ions at 0.1° intervals in the 
region of 48.61°. The angle 48.61° was estimated from kinematics 
to be that angle beyond which scattered lb0 ions can no longer be
detected. This was done on both sides of the beam in the horizontal
4 5 .
p la n e .  in t h i s  way small  e r r o r s  in  th e  ang le  c a l i b r a t i o n  were 
c o r r e c t e d  f o r .  The f i n a l  a n g u l a r  accuracy  was ± .05° in  th e  
l a b o r a t o r y  frame.  The ang le  subtended by t h e  d e t e c t o r s  in  the  
h o r i z o n t a l  p la n e  was ± 0.15'” which co r responds  t o  approx im ate ly  
± 0.3° i n  t h e  c e n t r e  o f  mass system. However, th e  a n g u la r  r e s o l u ­
t i o n  was a l s o  de termined  by th e  beam spo t  s i z e  which had a
d iam ete r  of  about  2 .5  mm, This  co r responds  t o  an a n g u l a r  sp read  of  
app rox im ate ly  ± 0 .4° in  t h e  c e n t r e  of  mass system. The exper im en ta l  
an g u la r  r e s o l u t i o n  was t h e r e f o r e  ± 0.6° in  the  c e n t r e  of  mass system,
I t  was n e c e s s a ry  to  r e c o rd  s p e c t r a  a t  l a b o r a t o r y  ang les  c l o s e  t o  the 
maximum l a b o r a t o r y  ang le  i n t o  which 1D0 ions  a r e  s c a t t e r e d .
T h e re fo re  good energy r e s o l u t i o n  was needed t o  r e s o l v e  t h e  two peaks 
co r respond ing  t o  t h e  two s c a t t e r e d  160 groups (and an im pur i ty  p ro to n  
group) an example o f  which i s  g iven  i n  f i g u r e  2 .12 .  This  was t h e  major
f a c t o r  which de te rmined  th e  s i z e  of th e  d e t e c t o r  a p e r t u r e s  in  th e  
h o r i z o n t a l  p la n e .  The energy  sp read  observed  f o r  th e  s c a t t e r e d  1 
io ns  was l a r g e l y  due t o  t h e  expec ted  k i n e m a t i c a l  sp read .
With d e t e c t o r s  1 and 4 p o s i t i o n e d  a t  60° r e l a t i v e  t o  the  
beam d i r e c t i o n ,  c o u n t e r s  2 and 3 were a u t o m a t i c a l l y  s e t  a t  45c and 
47 .1 4 ° ,  r e s p e c t i v e l y .  The v e l o c i t y  diagram i n  f i g u r e  2.11 shows 
c l e a r l y  t h a t  c o u n te r s  1 and 4 d e t e c t  only a 12C carbon r e c o i l  group 
w hi le  2 and 3 each d e t e c t  two 1°0 s c a t t e r i n g  groups as  w el l  as  t h e  
]2C r e c o i l  group.  T h i s  s i t u a t i o n  occurs  because t h e  p r o j e c t i l e  
mass i s  g r e a t e r  t h a n  t h e  t a r g e t  mass w i th  th e  r e s u l t  t h a t  t h e  v e l o c i t y  
of t h e  c e n t r e  of  mass i s  g r e a t e r  than  th e  c e n t r e  of  mass v e l o c i t y  of 
t h e  1b0 io n s .
I t  i s  a l s o  c l e a r  in  f i g u r e  2.11 t h a t  each o f  th e  peaks in 
c o u n t e r s  2 and 3 c o r re spond  to  d i f f e r e n t  s c a t t e r i n g  a ng le s  i n  th e
45a
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Elast i c  Scat ter ing
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figure 2.11. This is a velocity diagram describing ^ 0  scattering off 
12a C target. The outer circle has a radius equal in magnitude to
12the velocity of the C ion in the centre of mass system. The radius 
of the inner circle then equals the velocity of the ^ 0  ion in the 
centre of mass system. The position of the solid state counters relative
to the laboratory origin is shown. It is clear that we expect two peaks
16 12 corresponding to scattered ~v0 ions and one corresponding to recoiling A"C
12ions in counters 2 and 3. However, in counters 1 and 4 only one C recoil 
peak is expected. All centre of mass angles shown refer to the corres­
ponding scattered ^ 0  ion in the centre of mass system
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figure 2.12. An example of the spectra recorded from counters 2 and 3 
of figure 2.11. Spectra were recorded in 1024 channels, however, to 
produce this figure every four channels have been added together. All 
centre of mass angles refer to the corresponding scattered 0 ion in 
the centre of mass system.
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centre of mass system and these are listed in figure 2.11. Spectra 
collected in counters 2 and 3 for 18.6 MeV incident ib0 ions (i.e.
7.96 MeV cm energy) are shown in figure 2.12. The peaks are indicated 
by the particle detected and the corresponding centre of mass angle.
The narrow peak in each spectrum is due to hydrogen impurity in the 
target. However, despite the fact that the energy resolution is 
sufficient to resolve an oxygen impurity peak (this should appear 
immediately above the 12C recoils) none is seen. It seems, therefore, 
that the hydrogen may be largely due to hydrocarbons which condense 
on the target and break up due to radiation damage leaving a less 
volatile component deposited on the target.
2.4.3 RESULTS
Spectra were recorded at energy intervals of 40 keV c.m. 
between 5.4 and 10.0 MeV c.m. In this energy range the 12C recoil 
yield in the 60° monitors 1 and 4 is expected to be given by the 
Rutherford scattering cross-section and this was assumed in obtaining 
the results presented here.
Each spectrum was calibrated in terms of particle energy 
using the well resolved proton recoil peak which occurred at a com­
paratively small channel number and a 12C recoil peak at a high channel 
number. Using these calibrations the data were analysed as follows. 
The yields of lzC recoils in all 4 detectors were found simply by 
integrating each spectrum above an energy defined in each case to be 
just below the recoil peak. Windows defined in terms of the energy, 
were also set about both 150 groups in counters 2 and 3 and the total 
number of counts in these were obtained. However, a small but 
significant amount of straggling occurs in each i2C and J&0 peak due 
to energy loss in the target. This combined with the light charged
47,
particles, (protons and alphas) emitted from the i2C + 1D0 reaction, 
produces a background under the low energy i60 peaks (see for example 
figure 2,12). This background was determined by fitting an 
exponential curve to the spectrum on either side of the defined 
windows. The background was then subtracted from the total number 
of counts within the windows. The results, shown in figures 2.13 
and 2,14,were obtained as follows.
The number of counts in each of the 12C and 1b0 peaks in 
counters 2 and 3 were divided by the sum of the 12C recoil yields in 
counters 1 and 4. When Coulomb scattering is dominant, this ratio 
should be independent of energy. This is easily seen from the 
Rutherford scattering formula.
doR j Z 1Z 2 e2\ 2 1
dÜ 1 2E sin4 6/2\ cm
The measurements were extended to sufficiently low energies so that 
Coulomb scattering did dominate in at least the lower part of the 
energy range for all the centre of mass angles involved. The 
experimental ratios at the low energies are indeed constant within 
errors as seen in figures 2.13 and 2.14. This fact was used to con­
vert the experimental ratios to cross-section ratios in the centre of 
mass system. The experimental errors, shown in figures 2.13 and 
2.14, are due to statistical errors including those resulting from the 
background fitting and subtraction.
According to the discussion given in chapter 1, the classical 
distance of closest approach for colliding charged particles which 
scatter through an angle 0 is
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figure 2.14. Elastic scattering excitation functions plotted as ratios of
differential cross-sections for the centre of mass angles shown in the figur<
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d = a(l + cosec(0/2))
ZiZ2e2
a = ------
2Ecm
For a given angle 0 the value of E^m at which d = R, where R is the 
sum of the radii of 12C and 160, is
Ecrit = EB U  + cosec(0/2))/2 
Z ^ e 2
where E = ------ , the Coulomb barrier.
D  0
Classically we expect Coulomb scattering to dominate for energies below 
Ecrit anc* Eor ener2^ -es above this we expect nuclear forces to have an 
effect so that "absorption" occurs. However, on the basis of wave 
mechanics this change will not be sharp. Therefore the 90° elastic 
scattering excitation function is expected to be significantly less 
than the Rutherford cross-section at about 9.5 MeV and to continue to 
decrease above this energy. Here E is assumed to "be 8 MeV. At
D
154.5°, E . - Ed.crit B
A diffraction pattern is also expected on the basis of 
discussion in chapter 1. However, the oscillations will only be 
significant for energies above E  ^ and will then have a period f 
3 MeV.
The narrow dips in the 149.4° and 154.5° excitation 
functions may be associated with the resonances in the total 
reaction cross-section because of their width and position (see 
figures 2.14a and 2.14b). A much more detailed discussion of 
these results will be given in section 3.4.
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CHAPTER 3
OPTICAL MODEL PREDICTIONS OF THE 12C + 160 TOTAL REACTION 
AND ELASTIC SCATTERING CROSS-SECTION
3.1 INTRODUCTION
This chapter deals in detail with the results of optical 
model calculations carried out as an attempt to explain the resonances 
seen in the12C + i&0 reaction cross-section. The resonances are best 
seen if the dominating influence of the Coulomb barrier is removed by 
dividing the cross-sections by penetration coefficients as described 
in section 2.2.4. The resulting quantities known as S-factors, are 
plotted as a function of energy in figure 2.7. The S-factors for the 
12C + 12C and 160 + 160 reactions are shown in the final figure of 
this chapter,i.e. figure 3.9. They were calculated using the total 
reaction cross-section data below the Coulomb barrier of [Pa 69],
[Ma 72b] for 12C + 12C and [Sp 71] for 160 + 160. In the following 
I shall briefly discuss two early attempts to explain resonances seen 
in the 12C + 12C reaction data and then discuss the more recent 
attempts to derive an average interaction potential for the 160 + 160 
interaction.
The suggestion that the resonances indicate the existence 
of "quasi-molecular" states was given when their observation in the 
12C + i2C reaction cross-section below the Coulomb barrier was first 
reported [A1 60]. This suggestion was made despite the fact that the 
errors in the early data became large for energies below 5 MeV c.m. 
and hence, only the three resonances at 5.6, 6.0 and 6.3 MeV were seen 
clearly. The reaction cross-section measurements now extend down to
50..
3 MeV with reasonable accuracy [Ma 72b].
The suggestion was made by Vogt and McManus [Vo 60] and by 
Davis [Da 60]. The approach of both is very similar in that both 
write an expression for the average interaction potential in the form
o £V = V + V + V ,nuc coul cent
where V ^  is The Coulomb potential for two point charges Z^e, Z2e 
separated by a distance r *
Z!Z2e2
V . = ------  >coul r
£and ^cent is The centrifugal barrier which for relative angular momentum 
£ is
V£cent
-ft2£(£+1) 
2yr2
y is the reduced mass.
V'nuc is that part of the average potential which is due to the strong, 
short range nuclear forces,
Vogt et al. define this as
Vnuc v r——T-) + vN l1 + 5; D J
where V^ = C i s  the distortion energy of the system and V^ describes 
a distorted potential. 6 is the fraction by which each 12C nucleus 
is stretched along the axis joining the nuclei and C is a constant. 
They consider V ^  to arise from a coupling of surface vibrations of 
the two 12C nuclei (of which the mode where the system simultaneously 
stretches or contracts, at constant density, along the axis joining
51.
the centres of the two 12C nuclei has the lowest energy) with the centre 
of mass motion resulting from the nuclear attraction of their touching 
surfaces. However, they did not calculate the energies and spins of 
resonances which would occur in such a potential. Davis [Da 60] on
the other hand, did calculate the energies of the resonances in the
Zpotential V for various Z values. For these calculations he used
three different forms of V ;nuc
1. a Woods-Saxon potential
2. an harmonic oscillator potential
3. an harmonic oscillator potential plus a correction for 
rotation-vibration interaction.
Unfortunately, insufficient information was available concerning the 
spins and resonance energies so that his results must be considered 
qualitative.
AVERAGE INTERACTION POTENTIAL
I should emphasize that the motivation for most of the 
attempts to calculate the average interaction potentials for heavy-ion 
reactions which have been reported in the literature has not been the
reaction data at low energies but the gross, structure seen in thei
elastic scattering cross-section at high energies (i.e. energies above 
the Coulomb barrier). In fact, most of the effort has been directed 
towards the 160 + i60 interaction, and in particular, the results
shown in figure 1.1. In the introduction (chapter 1) I have already 
suggested that it is possible to interpret this gross structure as a 
diffraction pattern. Nevertheless, optical model calculations carried 
out in an attempt to fit this data have required a small imaginary part 
so that broad 3 MeV) high spin resonances do result. These are
52,
discussed at length in [B1 69], [Br 69]. In the following 1 shall 
briefly outline the procedure necessary to calculate the real part of 
the average interaction potential, which determines the energies of the 
resonances associated with various ^-values.
Appendices A and B outline the derivation of expressions
for the total reaction cross-section (equation B.4) and for the
differential elastic scattering cross-section (equation B.3) which
involve the collision matrix for the incoming channel, U , only.
The only assumptions involved in deriving these expressions are the
conservation laws and that there are two particles in each channel.
Further assumptions arise when the collision matrix U is calculatedcc
for the incoming channel. To do this the Schroedinger equation is 
solved using an average interaction potential for the incoming 
channel, an approximation which considerably simplifies the otherwise 
extremely complex interaction. In this case equations B.3 and B.4 
are modified to depend on the energy averaged value of as dis­
cussed in appendix B, Considering the interacting nuclei as two 
clusters of nucleons the procedure is to write the total wave function 
of the system as
* = A(<|>t(l) 4> (2) x CR) >
Here "A" means that the wave function in brackets is to be antisymmetrized 
with respect to exchange of spin, isospin and space co-ordinates of the 
individual nucleons which have been divided into two clusters and denoted 
by 1_ and 2 . <f>^ and <|> are the internal wave functions of the target
and projectile clusters while x(R) is a wave function describing the
relative motion of the two clusters.
*
Using x (R) as a free variational parameter and applying the
53.
variational principle [Wi 66J,
<5 <i|>|h + XI \l» = 0
k
where 6 causes a small change in x (R) and X is a Lagrange multiplier - 
X becomes the eigenvalue of the total Hamiltonian (Applying the 
variational principle is equivalent to demanding that ip satisfy the 
Schroedinger equation). Note that the above expectation value is 
calculated by integration over the co-ordinates of <iJj| and | ip> which 
are considered to be independent. Primed and unprimed sets of co­
ordinates are therefore used. Finally, after carrying out the 
integrations, an integro-dif ferential equation for x 0  results
+ / X(R') dR’ = E x(R)
Using the conservation of angular momentum this can be re-written
/ d>2 d2 di2£ (X+l) Vfp11 ,, fp1
t"2irdR2' 2yR2 * V(RJ} V R)
+ / K.fR.R') U.(R’) dR' = E U.(R)
where |r |
and K.(R,R') = 2ttRR' / K(R,R') Y (Y)siny dy
R.R' = RR' siny
X(R) U£ra(R)I ---  ^(8.«
£m R
(0,<f>) are the spherical harmonics.
Note that spin-orbit forces have been neglected.
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In this expression V(R) is a real function in R and is essentially 
independent of the terms of the wave function resulting from antisym- 
metrization. However, K^(R,R') contains the effects of exchange 
between clusters resulting from antisymmetrization of the wave 
function and from the exchange character of the nuclear forces.
The kernel K^ (R,R') is therefore extremely difficult to calculate for 
even moderately simple systems*e.g. A = 28.
For this reason the terms
oo
V(R) iyR) ♦ / KpR.R') UpR') dR'
0
are usually replaced by 
T(R) Ua (R)
where T(R) is a phenomenalogical potential.
There have, however, been several attempts to calculate an 
average potential taking full account of antisymmetrization and of 
exchange effects of nucleon-nucleon forces.
One such attempt is that of Reidemeister reported in [Re 72]. 
He writes the total Hamiltonian as
Z t. + Z v.. - t i in cm
l i < j  J
where i, j = 1 , ........ 32 refers to the individual nucleons.
tht^ = kinetic energy of i nucleon
t = total centre of mass kinetic energy cm
v.. = the effective nucleon-nucleon interaction for which ij
the force B1 of [Br 67] has been used.
5 5 .
The t o t a l  wave f u n c t i o n  ip, i s  w r i t t e n  as th e  a n t i  symmetrized 
p roduc t  o f  s i n g l e  p a r t i c l e  wave f u n c t i o n s  Here t a k e s
account  o f  t h e  sp in  and i s o s p m  of  th e  i n d i v i d u a l  nuc leons  while  
<t>k d e s c r i b e s  th e  s p a t i a l  p a r t  and s a t i s f i e s  t h e  s i n g l e  p a r t i c l e  
Hamilton ian  h
h = t  + v
t  = t h e  k i n e t i c  energy
v = a two c e n t r e  harmonic o s c i l l a t o r  p o t e n t i a l  
v = | m  O xX)2 + - | m  (wyY)2 + j m  w^  2 ( | Z | -d) 2
The harmonic o s c i l l a t o r s  a re  t h e r e f o r e  s e p a r a t e d  by a 
d i s t a n c e  r  = 2d. In t h e  above,  m i s  t h e  mass o f  a nuc leon .
32
Then ^ = A { IT <J>, £ ,}
k=l k k
R e idem e is t e r  [Re 72] c o n s i d e r s  an a x i a l l y  symmetric p o t e n t i a l ;  d e f i n i n g
b 1
2 - h  =  J T _
mw ~ mw x y
b 11
2 Tf
mwz
so t h a t  t h e  p a ram e te r s  b^ and b ^  de te rm ine  th e  shape o f  t h e  p o t e n t i a l  
v. He th e n  c a l c u l a t e s  <ip|H|^> as a f u n c t i o n  o f  r .  The r e s u l t s  of  
h i s  c a l c u l a t i o n s  a r e  shown in  f i g u r e  3 .1 .  Curve 1 shows the  case  
f o r  which t h e  p a r a m e te r s  b^ and b ^  a r e  kept  f i x e d ) i . e .  the  n u c l e i  
a r e  s imply  super imposed in  t h e  c o l l i s i o n .  The n u c l e a r  d e n s i t y  
t h e r e f o r e  i n c r e a s e s  as t h e  n u c l e i  o v e r l a p  and a r e p u l s i v e  core  r e s u l t s .  
This  s i t u a t i o n  in  which t h e  shape o f  t h e  n u c l e i  do no t  change dur ing  
th e  c o l l i s i o n  i s  r e f e r r e d  t o  as th e  sudden approx im at ion .  The f i r s t
-
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calculations of potentials using this approximation were those of 
[Br 68] and [Sc 69] which are based entirely on nuclear matter 
considerations so that the effects of antisymmetrization were not 
included. They obtained a very strong repulsive core. In a 
further calculation Fliessbach [FI 71] does include the effects of 
antisymmetrization although still within the bounds of the sudden 
approximation. One would,therefore, expect the results of Fliess- 
bach's calculation to be similar to curve 1 of figure 3.1. This 
is, in fact, the case since he obtains a shallow ('v 20 MeV) attrac­
tive well with a small repulsive core. Other calculations [Pr 70] 
and [Mo 70] have produced very similar results for the fast or sudden 
approximation.
Results of a slow or adiabatic approximation are also 
reported in [Pr 70] and [Mo 70]. In this approximation the shape of 
the nuclei or the average interaction potential,seen by the individual 
nucleons, is allowed to vary during the collision. Pruess et al. and 
Mosel et al. demand that the total nuclear volume remains constant 
during the collision. With this restriction the average interaction 
potential seen by the nuclei is again a shallow attractive potential 
but now without a repulsive core. These results are similar to 
those obtained by Reidemeister who does not restrict the total volume 
to a constant value but rather minimizes the total energy of the 
system using the parameters b^ and b^, which determine the shape of 
the nuclei, as free parameters. Reidemeister’s results are given by 
curve 2 in figure 3.1 and it can be seen that there is no repulsive 
core. Curve 2 is, in fact, in good agreement with the Woods-Saxon 
potential found in optical model fitting of the 160 + 160 elastic 
scattering data [Ma 69].
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In summary, all calculations agree that the average potential 
seen by the interacting nuclei is shallow and attractive for separation 
distances corresponding to the nuclei just touching. For smaller 
separation distances the potential may or may not be repulsive.
This uncertainty appears to be equivalent to the question - which of 
the two approximations (sudden or adiabatic) is applicable and to 
what extent?
3.2 12C + 160 QUASI-MOLECULAR STATES
Recent attempts to apply the conventional optical model to 
heavy-ion reactions have achieved some degree of success in fitting 
elastic scattering data. The most extensive analysis has been 
done on the 160 + i60 case for bombarding energies well above the 
barrier height [Ma 69], [Ro 71] and [Go 71]. Previous attempts to 
fit the 12C + 160 [Ku 64] and 12C + 12C [Mi 71] total reaction cross- 
section data using the optical model have assumed that the resonances 
occurring in the total reaction cross-section should be averaged over 
and the fit applied to the average. This would indeed be the case if 
the resonances were the doorway states suggested in [Mi 71]. How­
ever, the strong correlation existing in the total a and total p 
cross-sections for both the 150 + i2C and 12C + 12C reactions, 
together with the apparent lack of resonances below 6 MeV in the 
former reaction, led us to search for a potential which would re­
produce the resonances in the form of single particle resonances in 
a complex optical model potential.
Optical model calculations were carried out using a modified 
form of the program "Fidel” [Ro 70]. Without carrying out an exten­
sive search it was possible to reproduce the cross-section,
5 8 ,
q u a l i t a t i v e l y ,  with  t h e  fo l low ing  p o t e n t i a l .
V (R) = Vn (R) + £
Zl Z2e 1 R
2 R { f 1  ^ R R'
o R 
13 R R 5 R
V (R) n
di2£(JUl)
2mR2
v iW exp((R-Ri ) / a i )
l+exp((R-Rr ) / a r ) + {l  + e x p C R - R ^ / a p } 2
+  iC where C £ 0
3.1a
3.1b
I f  th e  Imag (V (R)) < 0 then  i t  i s  s e t  t o  ze ro .
The p o t e n t i a l ,  denoted  PI h e r e a f t e r ,  (paramete r  va lu e s  f o r  
a l l  p o t e n t i a l s  used i n  t h i s  t h e s i s  a r e  g iven  in  t a b l e  3.1)_,and p a r a ­
meter  v a lu e s  a re  shown in  f i g u r e  3 .2 .  The o p t i c a l  model p r e d i c t i o n s  
u s ing  t h i s  p o t e n t i a l  a r e  d i s p l a y e d  in  f i g u r e  3 .3 .
The second te rm o r  "Coulomb-termn in  e q u a t io n  3 .1 a  i s  d e f ine d  
as
3 ZiZ2e2 
2 Rc
[ l - C ^  i ]  f o r  R < Rc
The d e f i n i t i o n  i s  ap p ro x im a te ly  c o r r e c t  f o r  t h e  case  where one o f  the  
n u c l e i  can be c o n s id e re d  as a p o i n t  cha rge .  For t h e  12C + 160 
r e a c t i o n  t h i s  i s  not  t h e  case  and t h e  Coulomb i n t e r a c t i o n  energy 
would be more a c c u r a t e l y  expressed  by a te rm which t e n d s  t o
Z]Z2e2
U 2  —  c
as R tends  t o  z e r o .  Th is  i s  t h e  energy r e q u i r e d  t o  superimpose two 
spheres  o f  c o n s t a n t  charge d e n s i t y  and wi th  r a d i i  equal  t o  R A .
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TABLE 3.1
Paramete r  v a lu e s  d e s c r i b i n g  s e v e r a l  p o t e n t i a l s  which a re  
d i s c u s s e d  in  t h i s  t h e s i s .  A complete d e f i n i t i o n  of  th e  
p o t e n t i a l  i s  a l s o  g iven .
PI P2 P3 P4 A CC PVN PSN
V MeV - 8.1 - 8.1 -10 .5 -10 .5 - 7 .5 -0 .4E - 7.8 - 10.0 - 10.0
R /R r '  o 1.37 1.37 1.22 1.22 1.341 1.39 1.22 1.22
a r  fm 0. 6 0.6 0.9 0.9 0.45 0 .3 0.8 0 . 8
U MeV - - 50.0 50.0 - 50.0 50.0 50.0
Ru  fm - - 3.5 3.5 - 3.5 3.5 3.5
W MeV - 1.8 * * - 1.8 * * - - - - 3 .0
R. /Rl '  0 1.35 1.35 1.35 1.35 - - - 1.35
fm 0.5 0.5 0.5 0 .5 - - - 0 .5
W7 MeV w - - - - 17.2 -1 .86E - 0.35 - 7.0 -
o
cc•H
cc - - - - 0.811 1.37 1.35 -
a iw 5,1 - - - - 0.8 0.5 0 .5 -
R / R 1.4 1.4 1.2 1.2 1.341 1.4 1.2 1.2
C  0
C MeV 0.0008 0.0 0.0008 0.0 - - - -
k - - -  0.15 -  0.15 - - -  0.15 -  0.15
* *  yj = -0 .54
-3 .95
E +  1.45 
MeV
MeV 4.5  
10.0
MeV $  E 
MeV <  E
S 10.0 MeV
Aj = n o .n u c le o n s  in  p r o j e c t i l e .
A2 = no. nuc leons  i n  t a r g e t  n u c l e u s .
f(R;Rr , a r )
________ 1__________
1 + exp{(R-Rr ) / a r }
Genera l  P o t e n t i a l  V^(R)
Y R)
r -i 3 z i Z2e
V CR) ♦ l-k(R-R ) f  —
L J c
+ —---  1 ( 1  + 1)
2mR2
1  -  j
( R _
R , R < R
2 Rc
I F '  R * Rc
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TABLE 3.1 (cont.)
where
Vn (R) = V f(R;Rr,ar) fi CU’(R)) + U'(R)
1 [Ww f^ RiW>aivP 
+ W exp{(R-Ri)/a.} f2(R;R.a.) + cj
and
U ’(R) = U R £ Ru
= 0 R > Ru
6 (U’ (R)) = 1 U'(R) = 0
= 0 U ’ (R) / 0
This means that if there is no repulsive core i.e. U = 0 then
U ’(R) = 0
and
<$(U'(R)) 1 for all R.
figure 3.2, This shows optical model potential PI* The real 
part of the potential is plotted for L values 0 to 
6 and in each case a horizontal line is drawn 
showing the "energy level" where the corresponding 
nuclear phase shift resonates. The imaginary 
part is also plotted with the vertical scale in MeV 
drawn on the right. The difference in the potential 
for C = 0 and C = 0,0008 cannot be seen on this scale 
For C = 0.0008 the potential is set to zero for 
R < 2.6 fm and R > 10,3 fm as indicated.
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figure 3.3. The magnitude of the reflection coefficient
is shown in (d) and the phase in (c). These 
values of nL have been calculated using the 
potential PI of figure 3.2 and have been used to 
determine the total reaction cross-section and 
hence the S-factor which is shown as a solid curve 
in (b). The experimental S-factor and the various 
sets of data used to obtain it are also giveil^in (b) 
The predicted excitation function for the ratio of 
the differential elastic scattering cross-section at 
154.5° centre of mass to that at 60c centre of mass 
is compared to the experimental measurements 
discussed in section 2.4.
t Patterson et al. refers to the charged particle
yields in section 2.2.3.
2y refers to the integrated y-ray
yields in section 2.3.2.
Kuehner et al. refers to the total 12C + 160 cross
section measurements in [Ku 64].
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However, if the total volume remains unchanged during the interaction
then the Coulomb potential would be smaller at R = 0. In fact, if
we again consider the case of two spheres of constant charge density
and equal radii then the coefficient of the Coulomb term in equation
3.1a would be - 1.4 (for R = 0) which is very close to the value
assumed. In this work it was convenient to re-define the Coulomb
term simply to change the shape of the interior part of the potential,
i.e. for R < R .c
The complex number is the ratio of the scattered partial 
wave to the incoming partial wave except for the Coulomb phase shift 
and is therefore defined
2i6*
nt = e
where 6^ is the nuclear phase shift, see appendix B.
Real = Xi
is therefore related to the collision matrix for the incoming channel
U as follows cc
The absolute value of is plotted in figure 3.3d for £ values 0 to 3 
and the phase of is shown in figure 3.3c for £ values 0 to 6. The 
experimental S-factor in figure 3.3b was derived from the integrated 
y-ray data of section 2.3. This was normalized to the particle data 
of section 2.2, the cross-sections from which were increased by 10% to 
allow for the neutron yield. The y-ray data was used instead of the 
particle data because of the improved energy resolution. The y-ray
60 o
yield cannot be expected to be exactly proportional to the total 
reaction cross-section over an extended energy range, however, over 
the range 4.5 MeV to 8.5 MeV the relative agreement is better than 10% 
which is within the relative errors quoted for the particle data.
The S-factor at higher energies was obtained from the y-yield of [Ku 64], 
which was normalized to the y-data at lower energies. The elastic 
scattering data in figure 3.2a is one of six differential elastic 
scattering excitation functions measured in the experiment, described 
in section 2.3; 154.5° being the most backward centre of mass angle
in the measurements.
In figure 3.3c the phase shifts are shown for ^-values 0 to 
6 together with three sets of arrows. The lower, middle and upper 
set of arrows indicate the energies where a particular £-value 
resonates for the first, second and third time, respectively. The 
energies of these resonances are determined using the results of 
[Mo 68] derived assuming a one-level approximation. It has been 
shown (see appendix B) that if the ratio, a^, of the partial width 
for the entrance channel to the total width, for a particular £-value, 
is less than 0.5 then the phase shift X^, will oscillate about the hard 
sphere phase when going through a resonance. However, if a^ is 
greater than 0.5 the phase shift 2X^ will go through 180° when 
resonating. The latter case would seem somewhat unlikely to occur 
in relatively complex reactions such as the 1d0 + 12C reaction since 
it would correspond to an incoming partial wave9i.e. of a particular 
£-value, undergoing less absorption than elastic scattering from the 
nuclear part of the potential. For the potential PI some phase shifts 
do go through 180° for energies > 9 MeV. We attempted to remove this 
effect by increasing the magnitude of the imaginary part with energy
61.
according to
W = -0.54E + 1.45 MeV 4.5 MeV < E < 10.0 MeV 
= -3.95 MeV 10.0 MeV < E
C = 0
While this improved the fit to the experimental S-factor at higher 
energies it did not stop some phase shifts from passing through 180°.
An example of the improved fit which can be obtained using this energy 
dependent imaginary part is shown in figure 3.5a. Potentials P3 and 
P4 (containing a repulsive core), listed in table 3.1, were used in 
this case.
There are three main effects caused by varying the parameters 
defining the imaginary part of the potential. In describing them we
assume a^ is less than 0.5. First, increasing W, or the total ab­
sorption, increases the width of the optical model resonances.
Secondly, the radial position where the absorption occurs determines 
the relative strength of these resonances (since each has a different 
% -value). If volume absorption is used instead of surface absorption 
the low £-value resonances are damped relative to the high Ä-value 
resonances. It should be noted that the difference between R. andl
is not considered significant. The third effect is that of 
absorption beyond the nuclear radius caused by the tail of the 
imaginary part. At low energies the amplitude goes rapidly to zero 
for small radii,thus the total absorption depends largely on the value 
of the imaginary potential at large radii [Mr 70]. In PI we have 
varied this in a crude way with the aid of the constant C of equation 
3.1b. The effect of varying C is shown for two cases in figure 3.3b,
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the shorter range potential with C = 0.0008 MeV fitting with the data 
best. A more physically realistic form of the potential to achieve 
a similar result would be the Gaussian type.
The values of the parameters defining the real potential 
appear to be fairly well determined apart from the Coulomb radius R^, 
which was arbitrarily fixed at 1.4(A^3 + A^/3) . This value of 
was used to obtain both experimental and theoretical S-factors. Al­
though there is considerable interdependence of the parameters the 
search pattern used was the following. The radius of the well was 
adjusted to obtain the correct level spacing assuming the £ = 0 
resonance occurs at 6.1 MeV as a shoulder on the £ = 1 resonance at
6.5 MeV and the resonance at 8.3 MeV was an £ = 4 resonance. With 
the correct spacing the well depth was adjusted to place the £ = 0 
resonance at 6.1 MeV. The diffuseness could then be adjusted to 
alter the absolute cross-section by a small amount.
As stated in section 3.1.2 predictions of average inter­
action potentials based on nuclear matter consideration (sudden 
approximation) [Br 68],[Mo 70],[Sc 69] and [Pr 70] and also from 
antisymmetrization of the cluster wave function [FI 71]9[Re 72] 
indicate the existence of a repulsive core. To test this prediction 
a square repulsive core, 50 MeV high, was added to PI. The height 
of the repulsive core was chosen to be large enough to prevent signi­
ficant penetration by the wave functions. This produced relatively 
small changes in the total reaction cross-section provided the width 
of the core is less than 1.5 fm. When the width is increased beyond
1.5 fm the £ = 0 shoulder at 6.1 MeV becomes much less prominent.
The width of this core was made 3.5 fm wide and attempts 
were made to adjust the remaining parameters to compensate for the
62a.
effect of the repulsive core. This was possible if the second inter­
action term of equation 3.1a was changed to
{1-k (R-R )}
ZiZ2e2
Rc I {14 c R < Rc
Z 2Z2e2
Rc
7 O R3_ r 2_ Ci 
2 > 3 R  1 R :> Rc
This procedure was used, simply as a matter of convenience, to produce 
the desired change in shape. The reasons for choosing this form 
are discussed in the following. With k = -0.15 the potential, P3, is 
shown in figure 3.4. The remaining parameters for this particular 
potential are listed in table 3.1. The square repulsive core has the 
effect of raising the energies of each resonance; an effect which 
decreases as the Ä-value associated with the resonance increases.
This occurs because the centrifugal potential is itself a repulsive 
core which increases in width and magnitude as the £-value increases, 
thus the effect of the square repulsive core decreases. The square 
repulsive core therefore decreases the spacing of the resonances.
Since these resonances are due to consecutive £-values it is possible 
to increase the spacing again by
including the factor {l-kCR-R^)} for R < R^ and making 
the potential P3 deeper at the smaller separation 
distance, i .e . near 3.5 fm
2/ decreasing R^ to 1.2. However, this also lowers the 
absolute cross-section so that there is a lower limit.
The effect of lyis to concentrate the wave function at smaller values
of R and since the centrifugal potential is a-9 the spacing of theR
resonances will increase.
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figure 3.5. The magnitude of the reflection coefficient is shown in (c) and 
the nuclear phase shift in (b). These were calculated using potential P3. 
The S-factors for P3 are shown as a solid curve in (a). The data is the 
same as that in figure 3.3a. Also shown, as a dashed curve, are the S-factor 
for potential P4. P4 has the same real part as P3 but the imaginary part 
is energy dependent as defined in table 3.1.
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The e f f e c t  of  2 / i s  s i m i l a r  t o  d e c re a s in g  t h e  r a d i u s  r ^  of  an i n f i n i t e
p o t e n t i a l  w e l l  f o r  which t h e  resonance  e n e r g i e s  of  c o n s e c u t iv e  l e v e l s  
-2a r e  a r o
The r e s u l t s  of  o p t i c a l  model c a l c u l a t i o n s  f o r  p o t e n t i a l  P3 
a r e  shown in  f i g u r e  3 .5 .  The magnitude o f  i s  shown f o r  J l-values  
0 t o  7 as a f u n c t i o n  o f  energy i n  f i g u r e  3 .5c  w hile  2X^ i s  shown in  
3.5b and t h e  exper im en ta l  and c a l c u l a t e d  S - f a c t o r s  a r e  compared in  
3 .5 a .  The f i t s  o b ta in ed  by PI and P3 t o  t h e  r e a c t i o n  d a t a  a r e  e n t i r e l y  
comparable .  However, t h e r e  i s  one major d i f f e r e n c e  and t h a t  i s  t h a t  
t h e  a d d i t i o n  of  a r e p u l s i v e  co re  has removed a l l  r e sonances  co r re s p o n d in g  
t o  t h e  second and t h i r d  s e t s  o f  arrows in  f i g u r e  3 .3 c .  This  r e s u l t  
i s  im por tan t  s i n c e  t h i s  may p rov ide  a way t o  de te rm ine  whether  or  not  
a r e p u l s i v e  core  e x i s t s .
3.3 cx0 -ANGULAR DISTRIBUTIONS
The a t t e m p t s ,  d e s c r ib e d  in  s e c t i o n  3 . 2 ,  t o  f i t  t h e  t o t a l
I
r e a c t i o n  c r o s s - s e c t i o n  u s in g  t h e  o p t i c a l  model were based  on th e  
assumpt ion t h a t  r e sonances  seen  a t  6 . 1 ,  6 . 5 ,  7 .0 ,  7 .6  and 8 .4  MeV 
in  t h e  expe r im en ta l  d a t a  a r e  p redom inan t ly  due t o  s p in s  0, 1, 2, 3 
and 4, r e s p e c t i v e l y ,  i n  t h e  compound system. I t  may be p o s s i b l e  t o  
de te rm ine  t h e  s p in  e x p e r i m e n t a l l y  and so t e s t  t h e  v a l i d i t y  o f  t h e  
o p t i c a l  model by a n a ly z in g  t h e  an g u la r  d i s t r i b u t i o n s  o f  t h e  
12C (* 16 0 , a o)24Mg r e a c t i o n .  S ince  t h e  s p in s  o f  12C, 160,  a and 24Mg 
a r e  zero  t h e  a n g u la r  d i s t r i b u t i o n  should r e f l e c t  th e  s p in  in  t h e  
compound system assuming,  o f  c o u r s e ,  t h a t  t h e  compound system decays  
t o  th e  a Q + 24Mg channe l  acc o rd in g  t o  t h e  s t a t i s t i c a l  model.  Un­
f o r t u n a t e l y  s t a t i s t i c a l  f l u c t u a t i o n s  a r e  expec ted  t o  be l a r g e  s in c e  
t h e r e  i s  on ly  one d eg ree  o f  freedom invo lved  in  t h e  12C (-160 , a Q) 24Mg
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reaction. In principle the angular distributions should be averaged 
over an energy interval which is large compared to the coherence width 
100 keV) to minimize the effect of fluctuations. The energy inter­
val is, however, limited to an energy range 'v. 300 keV c.m. which is 
the width of the supposed quasi-molecular resonances.
a^-angular distributions were measured by Groce and Lawrence 
[Gr 65] in energy intervals of 250 keV in the laboratory frame.
Weighted averages of the results were taken by summing several angular 
distributions together over energy regions where the particular spins 
were assumed to dominate. Each angular distribution was weighted by 
dividing by Coulomb penetration factors for the incoming channel, see 
section 2.2.4, thus removing the influence of the Coulomb barrier of 
that channel. The actual laboratory energies of the 12C + 160 
reaction summed over to obtain the experimental angular distributions5 
shown in figure 3.6, are listed in table 3.2.
It is clear from figures 2.7 and 2.10 that resonances in the 
total 12C + 160 reaction cross-section overlap to some extent. 
Therefore, rather than fit the a^-angular distributions with Legendre 
polynomials the experimental angular distributions were compared with 
those predicted by Hauser-Feshbach calculations. This was done using 
the 12C + 160 channel transmission coefficients calculated with 
potential P3. The Hauser-Feshbach formula is defined to be
aa l (2J+1) ,
Jtt
la ’ J
a"s"£M lct"£"
PjCcose),
Transmission coefficients for p, n, d and a outgoing channels were 
calculated using potentials from references [Ro 65], [Ro 65]?[Pe 63] 
and [McF 66], respectively. Transmission coefficients were calculated 
for decay to specific levels, taken from [En 67], of nuclei 27A£,
64a
TABLE 3.2
The 1st column lists the laboratory energies in the 
12 16C + 0 system at which angular distributions
were measured and which have been averaged over as 
described in the text. The average angular distri­
bution was then compared with the results of a 
Hauser-Feshbach calculation carried out at energies 
in the lab. frame given in column 2. The experimental 
and H-F results are compared in figures listed in column
Expt^ Results 
(MeV)
Hauser-Feshbach Figure
(MeV)
15.0 15.0 3.6a
15.25 15.5
15.75 
16.00 
16.25 
16.50
16.75 
17.00
16.0 3.6b
17.25 
17.50 
17.75 
18.00
18.25
17.75 3.6c
18.75
19.00
19.25
19.50
19.75 3.6d
figure 3,.6, The dashed curves are the averaged 1 2C(lbO,ao) 2<+Mg angular 
distributions obtained using the data of [Gr 64]. The 
details are discussed in the text. These results are 
compared to the Hauser-Feshbach predictions, shown as 
solid curves and calculated at the centre of mass 
energies indicated using potential P3.
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2 ' 'Si ,  26A£ and 2L+Mg up t o  e x c i t a t i o n  e n e rg i e s  5 .9 ,  3 .5 ,  0.3 and 9.1 MeV, 
r e s p e c t i v e l y .  Above t h e s e  e x c i t a t i o n  e n e r g i e s ,  where t h i s  i s  e n e r ­
g e t i c a l l y  p o s s i b l e ,  t h e  l e v e l  d e n s i t y  formula  d e f in e d  i n  [Gi 65] 
t o g e t h e r  w i th  pa ram e te r  v a lu e s  l i s t e d  t h e r e ,  were used (see  appendix D). 
Level d e n s i t i e s  and c o r re spond ing  t r a n s m i s s i o n  c o e f f i c i e n t s  were c a l ­
c u l a t e d  a t  i n t e r v a l s  o f  2 .0  MeV in  e x c i t a t i o n  energy .  The r e s u l t s  of  
t h e s e  c a l c u l a t i o n s  a re  shown in  f i g u r e  3 .6  t o g e t h e r  with  t h e  e n e rg i e s  
in  t h e  c e n t r e  o f  mass frame a t  which th e  c a l c u l a t i o n s  were c a r r i e d  ou t .  
S ince  s t a t i s t i c a l  f l u c t u a t i o n s  a r e  l a r g e  th e  exper im en ta l  r e s u l t s  have 
been normal ized  t o  t h e  c a l c u l a t e d  r e s u l t s  and only  t h e  r e l a t i v e  shapes, 
of  t h e  two should be compared.
The modera te  agreement between Hauserr-Feshbach and e x p e r i ­
menta l  r e s u l t s  a t  l e a s t  i n d i c a t e s  t h a t  p o t e n t i a l  P3 i s  b r in g i n g  in  
app rox im ate ly  t h e  r i g h t  a ngu la r  momentum but  i s  o b v io u s ly  i n s u f f i c i e n t
l
t o  make d e f i n i t e  s p in  a s s ig n m e n ts .  The d isag reem en t  could  be a t t r i ­
bu ted  t o  an i n s u f f i c i e n t  energy average  of  t h e  r e s u l t s  or  non- 
s t a t i s t i c a l  b ehav iou r  such as coup l ing  o f  t h e  + 24Mg channel  
t o  s p e c i f i c  l e v e l s  or  p a r t i c u l a r  c o n f i g u r a t i o n s  i n  t h e  compound 
system.
3.4 12C + 160 ELASTIC SCATTERING EXCITATION FUNCTIONS
In a f u r t h e r  a t t em p t  t o  de te rm ine  i f  one s p in  v a lu e  dominates 
f o r  any o r  a l l  o f  t h e  re sonances  seen in  t h e  i2C + 150 t o t a l  r e a c t i o n  
c r o s s - s e c t i o n ,  e l a s t i c  s c a t t e r i n g  e x c i t a t i o n  f u n c t i o n s  were measured 
a t  c e n t r e  o f  mass a n g le s  g iven  in  t a b l e  3 ,3 .  These ang les  were 
d e l i b e r a t e l y  chosen t o  c o r re s p o n d ,  as  c l o s e l y  as p o s s i b l e ,  t o  ze ros  of  
c e r t a i n  low o rd e r  Legendre po lynom ia ls  which a r e  a l s o  g iven  in  t a b l e  
3 .3 .  U n f o r t u n a t e l y ,  t h e  e x c i t a t i o n  f u n c t i o n  a t  th e  most backward
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TABLE 3.3
A list of centre of mass angles at which elastic 
scattering excitation functions were measured.
The corresponding Legendre polynomial zeros are also 
given.
Figure
3.7
ExptP 
c.m.Angle
Zeros 
of PL
.
Figure
3.8
Expt^ 
c,m.Angle
Zeros 
of PL
c 85.7° - c 124.9° P2(125.3°),P5(122o6°)
b 90.0° Podd b 149.4° P4(149.4°),P. (140,8°)
a 115.6° P4(109.9°) a 154.6° P5(154.0°)
zero of P3 (140.8°) could not be measured because of kinematical 
broadening and poor centre of mass angle resolution.
The spins 0, 1 and 2 were assumed to dominate at 6.1, 6.5 and 
^ 7.0 MeV, however, Coulomb scattering masks the experimental elastic 
scattering results much too heavily in this energy range to allow even 
qualitative comments concerning spin. In fact, excitation functions, 
shown in figure 3.7c, 3.7b and 3.7a, at centre of mass angles 85.7°, 
90.0° and 115.6C, respectively, are too heavily masked over the whole 
energy range to be of any assistance in assigning spins. The general 
energy dependence does, however, provide some test for the optical
model.
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EXPERIMENTAL RESULTS
The main features of the results are the dips which occur in 
the 154»6° excitation function, figure 3.8a, at 8,4 and 7.7 MeV with a 
smaller one at 7.4 MeV. The dip at 7»7 MeV is largely non-existent 
in the 149,4° excitation function, figure 3.8b, which would tend to 
indicate that spin 3 or 4 contributions may be responsible. Un­
fortunately, the strong Coulomb scattering component at the more forward 
angles makes a definite spin assignment impossible, a situation which 
is also true for the dip at 7.4 MeV. The a -angular distribution at 
7.6 MeV, however, does seem to contain both J = 3 and J = 4 components. 
The dip at 8 4  MeV also occurs at 149,4° which suggests that J = 4 is 
not the dominant spin term at this energy At 124.9° the dip is 
significantly reduced so that the minumum now appears at 8.3 MeV 
and rises to a peak at 8„4 MeV. This therefore suggests that a J = 2 
term may be at least partly responsible.
THEORY - OPTICAL MODEL
These observations should be considered in conjunction with 
the optical model results plotted m  figures 3.7 and 3,8. While 
neither of the potentials PI or P3 produce theoretical curves which 
fit the excitation functions very well they do provide significant 
help in the understanding of the experimental results. Consider 
the predictions of potential PI. (The contributing spin values for 
potential PI are given m  figure 3.3c.) While the fit at forward 
angles is very poor above 7.6 MeV it does predict dips at 7.8 MeV 
and 8.5 MeV at 154.6° and also at 149 4C which agrees with experiment. 
In fact, in the 154,5° excitation function the dip at 7,8 MeV is 
largely due to a J - 0 contribution and that at 8.5 MeV appears to be
figure 3.7. Excitation functions of the ratios ." >
where ■^ is the l2C + i60 differential elastic 
scattering cross-section, are shown for centre of 
mass angles (a) 0 = 115.6°, (b) 0 = 90.0°
and (c) 0 = 85.7°. The experimental results
of section 2.4 are shown together with the 
predictions of the optical model using potentials 
PI (solid curve) and P3 (dashed curve).
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figure 3,8, Excitation functions of the ratios *
where ^ ^ 9 is the i2C + i60 differential elastic 
scattering cross-section, are shown for centre of 
mass angles (a) 0 = 154,5°, (b) 0 = 149,4" and
(c) 0 = 124.9°„ The experimental results of section 
2,4 are shown together with the predictions of the 
optical model using potentials PI (solid curve) and
P3 (dashed curve).
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entirely due to a J = 1 term. That this is the case is easily demon­
strated by considering the results predicted by potential P3 which 
contains a repulsive core. This potential effectively prevents all 
spins from resonating for a second time in the entire energy range 
shown (compare figures 3.5b and 3.3c). It is clear that, using P3, 
the dip at 8.5 MeV is removed for centre of mass angles 149.4° and 
154.6° while that at 7.8 MeV is considerably reduced.
At 124.9° the excitation function produced by potential PI 
actually shows two separate dips at 7.6 MeV and 7.9 MeV corresponding 
to J = 3 and J = 0 contributions, respectively. Potential P3 pre­
dicts only one dip at 7.6 MeV at this angle while both potentials 
show dips at 8.5 MeV which in the case of P3 is due entirely to J = 4.
SUMMARY
Possible spin assignments obtained from the experimental 
results, i.e. elastic scattering,at the 3 most backward angles and 
a^-angular distributions, are shown in table 3.4. Although no 
definite assignments can be made because of problems such as statis­
tical fluctuations and Coulomb scattering it does appear that both J = 2 
and J = 4 resonate at 8.4 MeV. This yields quite an important result. 
To obtain both a J = 4 and a J = 2 resonance at 8.4 MeV the repulsive 
core in potential PI which arises from the second term in equation 
3.1a must be reduced. In terms of the conventional optical model 
these results therefore suggest that the repulsive core predicted by 
a number of calculations discussed in section 3.1 either does not 
exist or is very small. This will be discussed further in the 
following section in the light of results from other reactions.
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TABLE 3.4.
Possible spin assignments for two "quasi-molecular" 
resonances based on the experimental results in 
chapter 2. These are compared with the spin values 
predicted with potentials PI and P3.
Resonance
Energy MeV 7.7 ± 01 8.4 ± 0J
Resonance
seen at (elastic scattering)
154.6° yes yes
149.4° small yes
124.9° ■? no (small)
Possible spin 
assignments
elastic scattering 3 and/or 4 2
ang. dist. 3 and/or 4 4
PI 3 and 0 4 and 1
P3 3 4
potential with
no repulsive core 3 and 1 4 and 2
* (fig. 3.6)
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3.5 THE REPULSIVE CORE
The de Broglie wavelength A associated with a particle of 
momentum p is given by
/2m E
For a particle of mass 12 a.m.u. and energy 1 MeV A is 
'v 8 fm. This is about twice the radius generally attributed to such 
a particle. At 4 MeV A has decreased to about the size of the radius.
Consider potential PI, which was used to predict the total
12C + lb0 reaction cross-section, figure 3.2 shows the energies at
which each different £-value resonates for the first time. It is
clear from this diagram that the kinetic energy available at resonance
(R < R ) is ^ 1 MeV. Thus according to the uncertainty principle the
relative separation of the two particles is indeterminant by ^ A
which in this case is ^ R .r
That these particles are quantum mechanical particles or 
waves is obvious from the fact that they penetrate the Coulomb barrier 
to a significant extent. There is therefore no difficulty in 
interpreting an average potential well which has a shallow real part 
with no repulsive core and includes surface absorption. Such a poten­
tial allows the particles to exist, in principle,with non-zero probability 
even for zero separation. This has created a problem in interpretation 
in the past [Ku 64]. However, to perform an experiment to determine 
their minimum separation distance to an accuracy < R^ would lead to an
uncertainty in momentum p > — . Thus, in practice,it is impossibleK
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to know if the two particles actually pass through each other or not 
for a shallow potential.
At higher energies, 'v 100 MeV, the de Broglie wavelength 
becomes smaller than the particles classical radius so that the inter­
acting nuclei should behave as classical particles. The individual 
nucleons making up the nuclei still behave as quantum mechanical 
particles so that the collision of two nuclei could perhaps be con­
sidered analogous to the collision of two liquid drops.
At even higher energies where the de Broglie wavelength of 
the individual nucleons is very small it should be possible to label 
their positions. Therefore, to the extent to which the nucleons 
interact elastically; the collision should appear completely classical.*
However, in this section rather than attempt to describe the 
interaction of nuclei over the full energy range I wish to consider 
only the region near the Coulomb barrier. In this energy range the 
nuclei behave as waves or quantum mechanical particles (non-relativistic) 
so that the Schroedinger equation should describe the two particle 
interaction. The average interaction potential is difficult to cal­
culate and an attractive Woods-Saxon potential is generally used. The 
question is should a repulsive core be added? Even in the classical 
case a repulsive core may not be necessary where the interacting 
particles are made up of smaller units. Consider the case of two solid 
spheres moving together along a frictionless rail (one dimensional) with 
speed v and colliding with three other identical spheres at rest on 
the rail. The situation before and after is shown below.
BEFORE COLLISION
# # ----- > v # # #
# # -------- ^  v
AFTER COLLISION
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At first sight it appears as if the two spheres simply pass 
straight through the three stationary spheres. Classically it is 
clear that this does not happen since on collision a compression wave, 
described by the classical wave equation, passes through the system 
carrying momentum and energy. In the quantum mechanical case it is 
not possible to distinguish the wave nature from the particle nature 
and the collision is described by the quantum mechanical equivalent of 
the classical wave equation,i.e. the Schroedinger equation. The two 
equations are formally the same when written in time independent form 
[Sc 55] .
Therefore there appears to be no fundamental reason why a 
repulsive core should be added to a shallow potential well to be used 
in the Schroedinger equation. Nevertheless, as stated in section 3.1, 
calculations of the average interaction potential have suggested the 
existence of a repulsive core. The deciding factor is5of course*the 
experimental results and these will be discussed in the light of the 
optical model calculations presented in section 3.2 and 3.4. The 
only adequate experimental results in the region of the barrier are 
the 12C + 150 results (presented in this thesis) the 12C + 12C results 
[Pa 69],[Ma 72b] and the 150 + 150 results [Sp 71].
The 12C + 160 elastic scattering results, discussed in 
section 3.4, suggested the existence of a J = 2 resonance at 8.4 MeV 
which is approximately the energy of the assumed J = 4 resonance.
The aQ-angular distribution at 8.5 MeV (figure 3.8b) supports the 
assumption that J = 4 is contributing at this energy. If both these 
spin values*i.e. 2 and 4*resonate at 8.4 MeV and they are to be 
predicted by the conventional optical model then it can be seen by 
comparing results of potentials PI and P3 in figures 3.3 and 3.6, 
respectively, with the level sequence expected in an infinite or
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finite square well [Sc 55] that no significant repulsive core can be 
included.
The 12C + lb0 results should be compared to the 12C + 12C 
total reaction cross-section or S-factors. The S-factors for the 
12C + 12C reaction are plotted in figure 3.9b using = 6.73 fm and 
the data of [Pa 69] and [Ma 71]. Optical model calculations are 
also shown in this figure for potential CC which is described in 
table 3.1. These potentials contain a repulsive core of the same 
form as that in P3 and with the same effect, namely, all resonances 
except in this case the J = 0, 2, 4 resonances which appear at 4.2,
4.9 and 6.5 MeV, respectively, are removed from the energy region below 
7.0 MeV. The disagreement at energies above 5.5 MeV is not improved 
by increasing the imaginary part with energy.
The main point which I wish to make here is that the spins 
of the resonances at 5.6 MeV and 6.0 MeV have been measured [A1 63] 
as 2+ and 4+, respectively. The situation is therefore similar to 
that found for the i2C + 160 reaction in that a J = 2 resonance is 
found very close to the J = 4 resonance. Once again one could suggest 
on the basis of the conventional optical model that the average inter­
action potential does not contain a repulsive core. This assumes that 
J = 2 resonance near the J = 4 resonance is the second J = 2 
resonance which occurs in the potential well.
The 12C + 12C results, however, differ from the 12C + 160 
results in that the J = 2 resonance appears at an energy 400 keV below 
the J = 4 resonance. If this is so then even a square well would not 
reproduce this sequence. The level sequence in the case of a square 
attractive well is (Is), [lp], (Id, 2s), [If, 2p], (lg, 2d, 3s). In 
the case of 12C + 12C reaction only even J values occur, i.e. those in 
round brackets. If an harmonic oscillator potential were used then
73a„
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CENTER OF MASS ENERGY (MeV)
f i g u r e  3 .9 .  S - f a c t o r s  f o r  t h e  (i) 12C ♦ 12C and (<t) 16o + 160 r e a c t i o n s .
The exper im en ta l  S - f a c t o r s  were o b ta in e d  us ing  th e  d a t a  o f  (Pa 69) and
(Ma 72b) f o r  th e  r e a c t i o n  and (Sp 71) f o r  t h e  ^ 0  + ^ 0
r e a c t i o n .  In each case  a r a d i u s  o f  R = 1.4 fA1 + A1//3) was used.
c 1 2
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those levels in brackets become degenerate. It appears therefore that 
a V-shaped potential well may be necessary, which is not consistent 
with any theoretical estimates (section 3.1). One possible explanation 
is that the elastic channel is strongly coupled (through a distorted 
interaction potential) to the inelastic channel with one 12C nucleus in 
the 4.43 MeV, 2 state. This was suggested by Imanishi [Im 69] who 
carried out coupled channel calculations which reproduced the position 
width and spin of the 2+ and 4+ resonances at 5.6 and 6.0 MeV, res­
pectively. However, this work has drawn some criticism [Mi 7X] because 
of the very strong coupling used in the calculations.
The only other reaction cross-section where measurements 
have been extended to sufficiently low energies so that the well spaced 
quasi-molecular resonances may be seen is the 160 + 160 reaction.
The S-factor for the 160 + 160 reaction is shown in figure 3.9a and 
should be compared to the 12C + 12C S-factor. It is possible that 
resonances which appear at 8.1, 8.7 and 9.0 MeV in the 160 + 160 cross- 
section, may correspond to those at 4.9, 5.6 and 6.6 MeV in the 
12C + 12C cross-section, since they appear at approximately the same 
energy relative to the Coulomb barrier. If this is the case then a 
resonance should occur at about 7.6 MeV corresponding to that at 4.2 
MeV in the 12C + 12C reaction. Previously it has been stated that no 
structure appears in the 160 + 160 cross-section [Br 69], however, it is 
clear from figure 3.9a that structure does exist but is very weak when 
compared to the 12C + 160 and 12C + 12C data. This may be due to the 
greater tendency of 160 (being a doubly closed nucleus) to resist defor­
mation compared to 12C. Much more experimental and theoretical work needs 
to be done before a consistent picture will emerge. The experimental 
work should include the measurement of total reaction cross-sections 
below the Coulomb barrier for reactions such as the 12C + 1LfN,
12C + 19F and others in this mass range. Further calculations based
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on coupled channels and the optical model are needed. In particular 
estimates of non-local effects should be made. Calculations with 
such terms as D£(£+l) [which has been found to describe approximately 
the non-local part of a distorted interaction potential (Le 60)], 
where D is an arbitrary constant, added to the phenomenological 
potential should also be carried out.
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CHAPTER 4
THE 12C + 160 REACTION ABOVE THE COULOMB BARRIER 
4.1 INTRODUCTION
Statistical properties of the 12C + 160 reaction at energies 
above the Coulomb barrier have been the subject of quite an extensive 
investigation [Ha 67a]f[Ha 67b]. Excitation functions for the reactions 
12C(160,ou )24Mg*, where i = 0 to 6, were measured in the c.m. energy 
range 10 MeV to 18 MeV. With one possible exception at 13.6 MeV c.m.
these data seem to behave according to the predictions of the simple 
statistical model of Ericson-Brink-Stephen [Er 63]5[Br 63]. A 
fluctuation analysis was therefore carried out and a correlation width 
'v 120 keV was obtained. Fluctuation analyses of the 12C + 12C and 
160 + 160 reactions have also been carried out in some detail [Vo 64]9 
[Sh 69].
The statistical model has also been applied to measurements 
of total reaction cross-sections for emission of various light particles. 
The predictions of the statistical model in this case are usually 
obtained from the Hauser-Feshbach expression for the reaction cross- 
sections. However, only a few heavy-ion interactions in the mass 
region of 30 a.m.u. have been considered in this way [Ko 68]a
[Fa 72]4[Ey 72]. In [Ey 72] the reactions 12C + 180, 14C + 180, 
l4C + 180 and 180 + 180 were investigated both experimentally and 
theoretically. They found poor agreement between the statistical 
model and experiment, and arrived at the following two conclusions.
1. The cross-sections do not appear to be sensitive to the 
angular momentum in the incoming and outgoing channels.
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2. Discrepancies between experiment and theory are probably 
due to inadequate representation of the nuclear level 
density.
In another investigation [Ma 71] Hauser-Feshbach calculations 
were carried out for the 12C + 160 reaction and these were found to be 
in qualitative agreement with some experimental results. In this 
case it was concluded that angular momentum effects are very important.
Another aspect of heavy-ion reactions that has been the 
subject of a number of investigations is the non-statistical behaviour 
of the cross-sections. Originally 160 + 160 elastic scattering 
excitation functions [Ma 69] were thought to show the existence of 
intermediate structure (width 'v 300 keV). However, a full statistical 
analysis did not confirm this [Va 71]; the analysis gave a coherence 
width of 'v 85 keV which is consistent with an interpretation of the 
variations in terms of statistical fluctuations [Sh 69]. More recent 
work on the 160 (*60 ,12C)20Ne* reaction [Si 72] does show the existence 
of intermediate structure ^ 300 keV as well as broader structure of 
width ~1.5 MeV correlated to a significant degree in several channels, 
The excitation of shape or 160 + 160 quasi-molecular resonances of high 
spin were suggested as a possible explanation of the gross structure.
It seems that it is even more difficult to explain the intermediate 
structure which apart from its large width behaves very much like 
statistical fluctuations. Nevertheless some suggestions which are 
considered as follows have been made. In [Si 72] it is proposed that 
the intermediate structure is due to high spin states in the 160 + 160 
compound system which share the strength of the shape resonance, e.g. 
doorway states [Ke 63]. Michaud and Vogt [Mi 72] make a similar 
suggestion, however, they consider the doorway states to be a-cluster
78.
states. A further model put forward to explain intermediate states 
for which calculations have been carried out is based on strong coupling 
between collective inelastic and elastic channels [Im 69],[Sc 70]. A 
full discussion of this model is given in [Gr 71].
Fairly recently, more information on the non-statistical
behaviour of heavy-ion reactions has come from an extensive experimental
investigation of 12C + 160 elastic scattering [Ma 72]. The results
obtained are shown in figure 1.2 . From a statistical analysis a
coherence width of 'v 110 keV was obtained, in agreement with earlier
work [Ha 67]. However, one resonance at 19.7 MeV c.m.,^ 400 keV wide,
appeared to be very prominent. This has also been seen in other
outgoing channels [Co 72] including an excitation function of the
12C(160, 160(3 ,6.13 MeV))12C reaction at 177° c.m. [St 72].g. s.
This phenomenon is considered to be due to exciting a fairly isolated 
resonance in the compound system [Ma 72$. In considering the 
12C + 160 data it should be noted that explanations of intermediate 
structure in terms of doorway states or coupled channels may also apply 
as in the 160 + 160 reaction. One additional suggestion has been made 
in relation to the 12C + 160 reaction. This is that resonant alpha 
particle transfer between two 12C cores may take place [St 72],[Oe 71]. 
This resonant alpha transfer is considered to give rise to a molecular 
type bond.
The aim of the work presented in this chapter was to inves­
tigate the statistical behaviour of the 12C + 160 reaction. It was 
also hoped that any non-statistical behaviour of the reaction would 
be observed and perhaps some deductions could be made concerning the 
nature of this behaviour.
The experiments can be considered in two parts, although
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many measurements were carried out simultaneously. The two parts 
are
1. the measurement of excitation functions for total 
yields of several residual nuclei formed in the 
12C + 160 reaction;
2. the measurement of an excitation function for the 
total yield of 160* (3 , 6.13 MeV) nuclei also from 
the 12C + 160 reaction.
The latter excitation function was measured by detecting the 
6.13 MeV y-ray. Using this method there is no contribution from the 
excitation of the 0+, 6.05 MeV state in 160 which decays to ground by 
$+3 emission. This technique had not been used previously and all 
previous measurements of the 12C + 160* outgoing channel did not 
distinguish between the 6.05 MeV and 6.13 MeV states in 160.
4.2 EXPERIMENTAL APPARATUS
Beams of 160 and 12C ions were accelerated to energies in the 
region of 30 to 42 MeV and 20 to 30 MeV, respectively, usipg the A.N.U.
6 MV electrostatic tandem accelerator. These beams which had an 
energy resolution 'v 30 keV, were focused through a 1.3 cm diameter 
collimator 'v 3.1 metres from the target and then through a 0.30 cm 
diameter collimator 0.4 metres from the target. This arrangement 
limited the size of the beam spot to ^ 0.3 cm in diameter. The 
beam also passed through a 1.3 cm diameter hole in a disc which was 
supported and insulated from the chamber by an annular piece of perspex. 
The disc was maintained at a potential of -300 volts relative to the 
55° target chamber and this successfully prevented loss of secondary
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electrons from the chamber. Figure 4.1 is a diagram which illustrates 
the simple experimental arrangement.
2The targets consisted of 10 yg/cm natural carbon and
2 -  2 30 yg/cm WO^ evaporated onto a 2.54 * 10 mm, 197Au backing which
were bombarded with 160 and 12C ions, respectively. This in turn
was mounted on a solid 0.8 mm thick Ni or brass disc 5.3 cm in
diameter which acted as a vacuum seal. Reaction y-rays were detected
by a 35 cc Ge(Li) detector which was placed at 55° to the beam direction
with its front face 3 mm from the target. In that position the
detector subtended a solid angle of approximately 2.2 sr.
The electronics consisted of a charge sensitive preamplifier 
followed by a main amplifier with both integration and differentiation 
time constants ^ 2 ysec. The bipolar output signals were digitized 
by a 4096 channel ADC and then stored in an IBM 1800 computer. The 
beam intensity was altered at the start of each recording to produce 
approximately the same counting rate. The counting rate was such 
that the ADC dead time was approximately 10%. Errors due to pile 
up of the 4 ysec wide bipolar pulses were therefore < 2%. The beam 
was integrated using an ORTEC charge digitizer. The output was fed 
into a scaler set to run in anticoincidence with the ADC busy signal. 
Live charge was therefore recorded.
4.3 PRINCIPLE OF THE 55° CHAMBER
To understand the reason for using a 55° chamber we must 
consider the expression for the y-ray angular distribution following 
a nuclear reaction, which is given by Rose and Brink [Ro 67] as
80a
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B, (J ! )  R a . L ' . J j . J z )  s <n> > P . (cos6 )W(0) = I — ----------------- ---- -----------
( L tt) (L 'tt ') Z I Ö ^ 7T> I 2
k I ^
For this to be true it is assumed that the initial and final states 
(in the present experiment the states are those associated with a 
particular transition in the residual nucleus) with spins Jj, J2 , 
respectively, have definite parity. L, L' are the order of the 
multipole moments of the electromagnetic transition and satisfy the 
relation
| d 1 — J 2 1  ^ L, L' $ «Ji[ + J2
The sum over ( L tt) is over all L , tt consistent with the conservation of 
angular momentum and parity.
Rk (L,L',Ji,J2) = (-l)1+Jl'J2+L"L'"k{(2J+1)(2L+1)(2L'+1)}^2
X (L,L',1,-1|kO)W(J1,J2,L,L';k0)
Here W is the Racah coefficient while the R, 's are tabulated ink
[Ro 67]. are the Legendre polynomials.
<TT>6 are the multipole mixing parameters and depend entirely on theL1
characteristics of the initial and final states. For the purpose of 
this discussion it is only important to note that all the terms defined 
above are independent of the method by which the initial state is 
formed. In particular for the decay of residual nuclei resulting 
from the 160 + 12C reaction, all terms in the definition of W(0) 
are independent of the excitation energy of the compound system (i.e.
28Si) except which is defined by
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B. (Ji) = I W(Mj) v'STTI (J J M -M |k,0)
Mi 1
where B (J.) = 1 and Y W(M.) = 1o 1 h 1
In this definition the "population parameters" W ^ )  define 
the relative probability that the initial state, with spin J has 
z component M 1. These parameters are determined by the mode of 
formation of the initial state and may vary with the centre of mass 
energy available in the incoming channel.
Re-writing the expression for the angular distribution of 
the y-rays, we have
W(0) = l ak Pk (cos0) 
keven
aQ is independent of WCM^ since = 1, however, all other a^
may vary with the energy of the incoming system. To see how the 
effect of these coefficients can be reduced or removed we must con­
sider the expression for the yield y of y-rays detected by the 
Ge(Li) detector.
y a
I A WU) (l-e~TX) d^
— T X(1-e ) dft
A is the solid angle subtended by the detector and t the y-ray attenua­
tion coefficient in the detector. x is the distance in the Ge(Li) 
crystal traversed by the y-ray incident at a particular angle ß with 
respect to the axis of the crystal. This integration has been carried 
out by Rose [Ro 53] and the result is
83.
y a l ak Qk Pk (cos0) 
keven
where the attenuation factors Qk are defined
Jv/Jk o
Jk = / Pk (cosß)(l-e TX^ ) s i n ß  dß 
o
0 is the maximum value of the angle ß.
The attenuation factors Q and were calculated for the 
experimental arrangement described in section 4.2. The results were 
= .64 and = .17 for y-rays in the energy range 1.0 MeV
to 2.0 MeV. For a 400 keV y-ray = .60 and = .10.
Since is greater than Q^, the angle of the detector relative to 
the beam axis is chosen to be 55° so that P^Ccos 55°) = 0. This 
removes the dependence of y on leaving and higher even order terms.
For example consider the transition 2+ -* 0+ . In the extreme 
case when the magnetic substate population of the 2+ state changes from 
being entirely in the M = 0 substate to be completely in the M = ± 1 
substates, the change in y is 18%. This, however, is an improbable 
situation from the statistical point of view especially if the 2+ level 
is populated mainly as a result of cascades in the nucleus as is the
case for most of the y-rays detected in the present experiment. The
ofe,
variations of y due to variations of thejpopulation parameters W(M) 
is therefore expected to be very much smaller than 18%.
The 3”, 6.13 MeV state in 160 is not populated as a result 
In this case?i.e. a 3 -* 0* transition,theof a y-ray cascade.
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maximum possible change in y is 2% when the magnetic substate population 
changes from W(M = 0)=1 to W(M = ± 2) = 0.5. Since such a situation 
would not, in general, be expected to occur, variations in y due to 
changes in population parameters should be less than 2%.
In view of the above considerations it should be noted that 
any correlation in the variation of y-ray yields from different 
channels as a function of energy are not expected to be the result of 
variations in the population parameters.
4.4 DOPPLER BROADENING CONSIDERATIONS
The 160 and 12C nuclei were stopped in the gold backing
together with the recoiling residual nuclei resulting from the
160 + 12C reaction. Mean stopping times were calculated using the
-13stopping powers tabulated in [NDT 69] to be of the order of 10
secs, for most of the residual nuclei. The velocity of the centre
of mass, V' , is ^ 1.7 x 10^ cm/sec for 40 MeV bombarding 160 ions.
The centre of mass velocities of the recoiling residual nuclei are
added vectorially to and hence the magnitude of their velocities
in the laboratory system will vary about V^; the higher the excited
state of the nucleus the smaller this variation will be. With few
exceptions all but the very lowest excited states of the nuclei will
^13have lifetimes very much less than 10 secs. These nuclei will 
therefore decay in flight and Doppler broadening of the emitted 
y-rays will occur. The Ge(Li) detector covers an angular range of 
about 120°. The Doppler broadening will therefore be
- V3 c „^ j —  E^ , c = velocity of light 
E
10
85.
Due to the fact that the peak to total areas are small for Ge(Li)
detectors, the Y-rays from the decay of these short-lived states
were therefore observed as a continuum. However, the low-lying
-12states, listed below, have lifetimes ^ 10 sec. and give rise 
to sharp "stopped" peaks. (The values for E , lifetimes and 
spins have been taken from [En 67] unless otherwise indicated.)
NUCLEUS Ey(keV) TRANSITION LIFETIME ps
26A£ 418 +3 -> 5+ 1260 ± 30
26A£ 1340 2+ -»• 3+ > 3.4
23Na 439 V - ¥ 3/2 + 1.60 ± .08
27A£ 843 V2+ - > 5/2- 32 ± 10
27A£ 1013 V -* 5/2 + 2.2 ± 0.3
2V + 1369 +2 -> 0+ 1.4 ± 0.3
20Ne 1632 2+ -> 0+ 1.15 ± 0.2
26Mg 1809 2+ -> +0 0.56 ± 0.07
26Mg 1774 0+ -> +2 > 2
160 6130 3" -> 0+ 17
., ** 
2l+Mg 7620 3" -> 2+ 2.1 ± 0.4
These were easily observed in a typical spectrum obtained using a 
backed natural carbon target and an incident beam of 40.8 MeV 1&0 
which is shown in figure 4.2. Notable exceptions of some y-rays 
which might be expected are the following.
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NUCLEUS Ey (keV) TRANSITION LIFETIME ps
26Si* 1790 +2 -> +0 1.4 ± 0.6
451 V V 2.4 ± 0.36
2 ^ 1908 V2+ - 5/2 + 1.2 ± .25
27Si 780 V -*V 72 ± 9
2 5Mg 585 V -> V 4900 ± 100
2SMg 975 V V 7 ± 6
* reference [Be 69]
t [En 71]
* * [A 1 66]
tt [Ha 71b]
4.5 CALCULATION OF y-RAY YIELDS
The total number of counts in a particular y-ray peak occurring 
in the Ge(Li) [or Nal(Til)] detector spectrum was calculated by:
1. fitting an exponential curve to selected channels on either 
side of a peak of interest; and
2. estimating the background beneath the peak and subtracting 
it from the sum over the region of the peak.
An existing data analysis program was modified to perform 
steps 1. and 2. on an IBM 360/50 computer. A program was also 
written to do this during the experiment on an IBM 1800 computer. These 
programs plotted out the region of the spectrum of interest, for each 
case, including the exponential curve fitted to the background. The 
results were, therefore, easily checked. A search routine was also 
built into the programs which would correct for small gain shifts,
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however, these rarely amounted to more than one channel for the highest 
energy peaks.
4.6 12C TARGET THICKNESS MEASUREMENT
Using a 34.3 MeV 1b0 ion beam incident on a Ni backed natural
carbon target, the ratio of the yield of the 1.37 MeV y-ray from
2l+Mg to the sum of the yields to the 1.33 MeV and 1.45 MeV y-rays from
Coulomb excitation of 60Ni and 62Ni, respectively, was measured with
a Ge(Li) detector at 0° and 5 cm from the target. An estimate of the
natural carbon target thickness could then be made using the calibration
2in [Br 68] which states that for a 1 yg/cm target this ratio is 
0.0456 ± .001.
The Ge(Li) detector was then moved to its normal position
for the experiments described in this chapter,i.e. at 55° with the
crystal 1.2 cm from the target. A further spectrum was collected
and a new calibration was made. For the detector in this position 
2and a 1 yg/cm natural carbon target the ratio (defined above) is 
0.0425 ± 0.001.
Absolute cross-section measurements, discussed in sections
4.7 and 4.8, were made with 34.3 MeV 160 ions incident on Ni backed 
carbon targets and the target thicknesses were estimated using this 
technique.
4.7 ABSOLUTE MEASUREMENTS INVOLVING THE 6.13 MeV y-RAY
4.7.1 ABSOLUTE EFFICIENCY MEASUREMENT FOR DETECTION OF THE 6.13 
MeV y-RAY
A 7.6 cm diameter * 7.6 cm long NaI(T£) detector was placed
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2.86 cm from the target and a single y-ray spectrum of the ^ F ( p , a ) bO* 
reaction was recorded with 3.9 MeV protons bombarding a BaF ., Ni backed 
target. Without altering beam conditions a spectrum was also recorded 
using a Ge(Li) detector positioned at 55° relative to the beam with the 
crystal face 1.2 cm from the target.
The 6.13, 6.96 and 7.12 MeV y-rays from the decay of lb0* 
were the strongest y-rays in the NaI(T£) and Ge(Li) detector spectra. 
The 6.96 and 7.12 MeV y-rays were Doppler broadened O  60 keV in the 
Ge(Li) detector spectrum). Contributions from higher energy y-rays 
were very small. The spectra therefore show the summed line shapes 
of the three major y-rays (6.13, 6.96 and 7.12 MeV) for energies down 
to 2.77 MeV where a peak occurs due to the 19F(p,pf) reaction. For 
energies below 3.5 MeV the line shape in the NaI(T£) detector was 
assumed to remain constant.
The relative intensity of the 6.13, 6.96 and 7.12 MeV 
y-rays was taken from the ratios of their second escape peak yields 
(Doppler broadened in the case of 6.96 and 7.12 MeV y-rays) in the 
Ge(Li) detector spectrum. It is therefore assumed that the efficiency 
for the detection of these y-rays (second escapes), with energies 
in the region 5 MeV to 6 MeV, is constant.
The NaI(T£) detectors total efficiency for detection of 
6 MeV y-rays can be calculated knowing the geometry and the relevant 
attenuation coefficients.
Total Efficiency = 2ir /  (l-e-Txtß)) dß
0
where the y-ray is incident at an angle 8 with respect to the cylindri­
cal axis of the Nal crystal and ß has a maximum value of 0. The value 
of the attenuation coefficient x was taken from [La 58] and the total
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efficiency was calculated to be 6.5 ± 0.3%.
As already mentioned the y-ray line shape due to the 1°0 
y-rays was assumed to be constant below 3.5 MeV in the NaI(T£) 
detector spectrum. With this assumption the yield below 3.5 MeV was 
calculated and added to the sum above 3.5 MeV to give the total yield 
from the lo0 y-rays which is denoted Y^aj. The yield of the three 
second escape peaks in the Ge(Li) detector spectrum, denoted 
was also calculated using the procedure outlined in section 4.5.
Then the absolute efficiency of the Ge (Li) detector placed 55° to the 
beam direction and 1.2 cm from the target to detect 6 MeV to 7 MeV 
y-rays with the loss of both 511 keV y-rays is
nGe(Li) = x 6.5
Nal
- 0.70 ± 0.04 x io"3
Note the error quoted does not include the error due to the uncer­
tainty in the 6 MeV to 7 MeV y-ray line shape below 3.5 MeV in the 
NaI(T£) detector spectrum. This error may be as much as 10% of 
the total area under the line shape.
4.7.2 ABSOLUTE CROSS-SECTION MEASUREMENT OF THE 12C(160,160*
(3", 6.13 MeV))12C REACTION FOR 34.3 MEV 160 IONS
*f*Without moving the detector from its position in the previous
2measurement the BaF^ target was replaced by a 10 pg/cm natural carbon, 
Ni backed target. A spectrum was then recorded with 34.3 MeV 1b0 
ions incident on the target. Using the target thickness calibration 
of sections 4.6 and the efficiency for the Ge(Li) detector, derived
t Ge(*Li) detector.
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above, the cross-section for the production of l60(3 , 6.13 MeV)
nuclei in the 12C + 1 b0 reaction is
y______
N N n T B r Ge(Li)
7.6 ± .77 mb
where y = yield of the 6.13 MeV second escapes
1 r\N^ = Number of 1ZC nuclei cm in the target 
Ng = Number of incident 160 nuclei
The absolute cross-section for the population of the 7.62 MeV, 3 
state in 24Mg (which includes the possibility of y-cascade from higher 
states in 24Mg) was calculated to be 10.9 ± 0.12 mb. Allowance has 
been made for the fact that only 62.3% of these states decay to the 
1.37 MeV 2+ states.
4.8 ABSOLUTE CROSS-SECTION MEASUREMENT FOR SEVERAL RESIDUAL 
NUCLEI USING y-RAYS IN THE RANGE 400 keV to 2 MeV
Using the same spectrum described in section 4.7.2, obtained 
with 34.3 MeV lb0 ions incident on a Ni backed natural carbon target, 
it is possible to calculate the absolute cross-section for several 
residual nuclei resulting from the 1b0 + 12C reaction at this energy.
This is possible because several peaks are present in the spectra
>
due to Coulomb excitation of the backing material. The total cross- 
section for the Coulomb excitation of a particular level by an electric 
multipole transition of order X has been derived by Alder et al< [A1 56]
a6.13
and is
9 1 .
a E X < V  = CEX EoX' 2 CEo - &E,) B(EX1 f EX ( ^ . O
Eq i s  th e  i n c i d e n t  energy in  MeV and B(EX) i s  the  reduced  e l e c t r i c  
t r a n s i t i o n  p r o b a b i l i t y .
A
AE' = (1 + ~ )  AE
2
AE i s  th e  energy of  th e  e x c i t e d  l e v e l  in  MeV and Z , A , Z , A a re
1 1 2  2
t h e  charge  and mass ( in  a . m . u . )  o f  the  i n c i d e n t  and t a r g e t  n u c l e i ,  
r e s p e c t i v e l y .
Z Z A /2 AE 
1 2 1 . 5 AE’
1  +  —  — +
12.65 (E - E*) 2 o
32 E
Z Z 
1 2
Vb
10.008 Eo
Although f c . ( n . , C )  i s  s t r i c t l y  a f u n c t i o n  o f  both  £ and n . ,  t h e  
dependence on ri. can be n e g l e c t e d  f o r  the  cases  d i s c u s s e d  h e r e .  With 
t h i s  approxim ation  th e  v a l u e i o f  f ^ C O  were taken  from f i g u r e  I I .  4 o f  
[A1 56] ,  F ur therm ore ,  i t  i s  s u f f i c i e n t l y  a c c u r a t e  t o  c o n s id e r  only 
t h e  c o n t r i b u t i o n s  from E2 t r a n s i t i o n s  s in c e  f o r  o t h e r  al lowed  o rd e r s  
of  m u l t i p o l e  e l e c t r i c  (or  magne tic )  t r a n s i t i o n s  th e  reduced n u c l e a r  
t r a n s i t i o n  p r o b a b i l i t i e s  a r e  very  smal l  an d /o r  f g ^ ( f ^ )  i s  v e ry  
s m a l l .
CL., i s  a c o n s t a n t  which f o r  E2 t r a n s i t i o n s  has t h e  form EA
A A
CE2 = 4.819 (1 + ~ )  y ? barns
2 2
Although only numbers f o r  t h e  e x c i t a t i o n  o f  th e  1.333 MeV l e v e l  in
60Ni a re  r e q u i r e d  in  t h i s  s e c t i o n ,  v a l u e s  f o r  th e  279 keV and
548 keV l e v e l s  in  197Au w i l l  a l s o  be g iven  s in c e  t h e y  a re  r e q u i r e d  in
92.
a later section.
For 160 + 60Ni * CE2 .06130
and for 160 + 19 7 A u * CE2 .01057
The B(E2) values were taken from Cline et al. [Cl 69] for the 1333
level in 50Ni and from McGowan et al. [McG 70] for the 548 and 279
levels in ly7Au. Using these values a„_(E ) was calculated. E2 o
aE2(1V  mb EY keV Target i60 Energy MeV
31.06 1333 6°Ni 34.3
28.25 548 1 9 7 A u 34
61.5 279 1 9 7 A u 34
The 1b0 ions were, however, completely stopped in the backing so
that the total yield of y-rays for the de-excitation of the Coulomb
excited level (assuming population by E2 transition from the ground
states) is given by
obs
y ! = <coul
‘
°E2<V
Dt E 6ET o  2
181. E«J
► N_ n A B c c 4,8.,
where = Number of target nuclei per cc.
n b
= Number of projectile nuclei cm ^sec ^
efficiency of Ge(Li) for the detection of
the y-ray, labeled c, following Coulomb excitation
= attenuation of the y-ray, c.
dE
ds stopping power of target material for incident 
lb0 ions with energy Eq (in [A1 56] ^ E
was assumed)
93,
where
and
6E2 1
T =
!
U2 (0= c'2 '5S(l-C) fE2(c)
c = AE’E
— —  is the ratio of the observed yield to that which would result if 
o
dE dE-j—  = (-j— ) independent of the projectile energy.QS ds o
This has been evaluated by Alder et al. and values were taken from 
figure III.9 of [Al 56].
Re-writing the expression for observed yield, , as
y O b s
coul coul Ac
where Y is that part of equation 4.8.1 in parenthesis and can be 
calculated. A^ can be calculated using attenuation coefficients 
(total compton scattering, photoelectric and pair production) of 
[La 58]. Although N can be obtained from the charge integration
D
while n is unknown, it is convenient to write c
Yobs
coul
coul
K
Ac
Now the cross-section for a y-ray, denoted A, is
a (A)
substituting for Ng gives
a (A)
Y (A)
NT NB nA \
Y(A)
K nA AA
94:
Y(A) is taken from the data as described in section 4,5, K is known 
since Y . can be calculated and Y°^S, is also taken from the data.
The target thickness is estimated using the results of section 4,6.
A./A can be calculated. This leaves only n./n which is the relative 
efficiency of the detector. s This was measured using various sources 
1.2 cm from the Ge(Li) crystal and the result is shown in figure 4,3. 
Using these results o(A) (the cross-sections for the production of 
y-ray A) were obtained for all the y-rays presented in table 4.1."*"
TABLE 4.1
Results of absolute cross-section measurements
obtained with 34.3 MeV 160 ions bombarding a
210 yg/cm carbon target
Nucleus y ray keV a (A) mb a(A)xC mb Y Error % Figure
24Mg 1369 164 178 15 4,5a
20Ne 1632 156 166 20 4.5b
26Mg 1809 7.0 7.5 20 4.6b
27as, 1013 8.7 - 20 4.6a
23Na 439 129 - 20 4.5c
26a & 418 43 - 20 4.6c
197A u 279 4.4a
197A u 548 4.4b
1 6 QS- 6131 7.6 10 4.4c
24Mg3" 7620
-1369
6.9 10.9 10 4,6d
To obtain the absolute cross -section for the production of the corres-
ponding residual nuclei from these resultsytwo corrections are needed.
t except the last four.
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1. Allowance must be made for the fraction of nuclei resulting 
from particle emission which decay to their ground states 
without emitting y-ray A.
2. The cross-section for the production of the residual nucleus 
in its ground state must be added to the final result.
To calculate the correction 1, denoted C^, the decay scheme 
for the residual nucleus is used together with the assumption that each 
level will be populated with a probability proportional to 2J + 1 
according to the statistical model.
Hence -1
Y
Z(2J. + 1) P (i) 
i ^
E(2J. + 1) 
i
i denotes an excited state of the nucleus of interest which y-decays 
to the ground state.
is the spin of state i.
P Ci) is the probability that state i y-decays to produce y-ray A.
It is possible to calculate only for the even-even nuclei 24Mg,20Ne 
and z6Mg. For these nuclei ^ 94% of the nuclei left in excited states 
which do not particle decay will y-decay through the first excited 
state. For other residual nuclei a significant percentage of the 
excited nuclei which de-excite by y-ray decay do not excite the y-ray 
observed as a peak in the Ge(Li) detector spectrum. Their decay 
schemes are more complicated and are not sufficiently well-known to 
determine C reliably.
No correction is made for 2 to allow for the number of nuclei 
produced in their ground states. However, this correction is not 
expected to be large since generally there are a large number of 
levels populated in the nucleus so that the cross-section for the
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population of a single level should be small. It should also be kept 
in mind that the ground state usually has low spin while the average 
J value of the compound nucleus is relatively high. Results of 
Hauser-Feshbach calculations indicated that of the residual nuclei 
*4Mg, z 7 A l , 2 - Si and 26A£, the population of the ground states was only 
a very small percentage of the total yield of the corresponding nucleus 
except in the case of 26A£ which has a 5+ ground state. Finally, 
the absolute cross-section for the residual nuclei from the 160 + i2C 
reaction using 34.3 MeV i&0 ions incident on a Ni backed lzC 
target are given in table 4.1.
4.9 MEASUREMENT OF EXCITATION FUNCTIONS
In this experiment, using a heavy-ion beam, we had to face 
the problem of carbon build-up. The process by which carbon builds up 
on the target in the region of the beam spot is not definitely known. 
Oil vapour and other hydrocarbons appear to be inevitable contaminants 
in the vacuum system. This is particularly so if oil diffusion pumps 
and oil roughing or backing pumps are used. Rubber seals are also a
common component of vacuum systems where high vacuum (< 10 6 Torr) is 
not essential. It has been suggested that these contaminants condense 
onto the target to some degree and suffer radiation damage in the 
region of the beam spot. The hydrocarbons then break up with the more 
volatile products evaporating off leaving a higher concentration of 
carbon deposited on the target.
The carbon build-up was monitored by periodically repeating 
a standard energy which was chosen in an energy region where the 
excitation function of the 1.37 MeV y-ray from 21+Mg was almost indepen­
dent of energy. This minimizes the effects of possible hysteresis
97.
in the 90° analyzing magnets.
Excitation functions of 24Mg, 20Ne, 2bMg, 23Na and 2bA£ were 
obtained by measuring the yield of y-rays, listed in table 4.1, 
associated with these nuclei, Ge(Li) detector spectra were recorded 
at 200 keV energy intervals between 30.0 and 42.8 MeV in the laboratory 
frame, corresponding to lb0 ions incident on a 19/Au backed, 10 yg/cm“1 
12C target. As a check for any systematic errors the spectra were 
first recorded at 400 keV (lab.) intervals across the full energy range 
beginning at 30.0 MeV (lab.). This procedure was then repeated 
beginning with 30.2 MeV bombarding i60 ions. After every three measure­
ments a spectrum was recorded at the chosen standard energy to monitor 
the carbon build-up. The target was changed after its thickness 
increased by 50%. Excitation functions were then obtained by calcu­
lating the yields in various y-ray peaks in each spectrum, as outlined 
in section 4.5, and correcting these for target thickness increases 
and the integrated beam. The results are given in the figures listed 
in the last column of table 4.1. Where possible these excitation 
functions have been normalized to the absolute cross-section measure­
ments found earlier (section 4.8) and also listed in table 4.1. The 
errors shown in these figures are the statistical errors expected 
in calculating the yields to various y-ray peaks.
Excitation functions for the 1.37 MeV y-ray from -4Mg and 
the 418 keV y-ray from 2bA£ were re-measured using a l2C beam and a 
30 yg/cm^ WO^ target on a Jy;Au backing. This was done to test that 
carbon thickness increases were being correctly removed from the 
results discussed above. Repeats of a standard energy during measure­
ments with the WO^ target and 12C beam indicated that the oxygen con­
tent of the target did not change. Carbon, of course, did build up 
on the target, however, no significant contribution to the 1.37 MeV
Y-ray or the 418 keV y ray is expected from the i2C + l2C reaction (the 
contribution from the I2C + 1 n + 2HMg reaction is expected to be 
small since 1JC forms only 1% of natural carbon). The excitation 
functions agreed with the earlier results as can be seen in figures 
4,5a and 4.5b. The errors shown are statistical errors.
Since both the WO^ and the 12C targets were backed with 
197Au of sufficient thickness to stop the beam it was possible to 
obtain excitation functions of the 279 keV and 548 keV y-rays resulting 
from the Coulomb excitation of the corresponding -j and ^  levels 
in i97Au. The results are shown in figures 4.4a and 4,4b. Theoreti­
cal predictions for these excitation functions were carried out as 
described in section 4.8 and given by equation 4.8.1. The results of 
these calculations are shown in figures 4.4a and 4,4b to be in agree­
ment with the experimental results. This indicates that the beam 
integration including corrections for dead time were functioning 
correctly.
The yield of second escapes from the 6,13 MeV y-ray of 160 
was approximately a factor of 10 less than that for the 1,37 MeV y-ray 
from 24Mg. Consequently much longer data collection times were 
necessary to obtain good statistics for the l60(3 , 6.13 MeV) excita­
tion function. It was also necessary to use a 1 9 ;Au backed i2C 
target and 160 beam rather than an i00 target and 12C beam since in 
the latter case significant contributions could be expected from the 
12C + l2C -*■ 2a + 160 reaction, The long collection times meant that 
the 12C build-up could not be accurately monitored without several 
repeats of the standard energy for each point in the excitation function. 
Changes of the 12C target were frequent. Therefore, rather than cor­
rect for target thickness changes by repeating a standard energy an 
indirect normalization procedure was used. To produce the 160(3'_)
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figure 4.4. a) 160(3~.6.13MeV) + 12C^ g excitation function. Several 
repeat measurements were made across the whole energy range and these 
are shown.
b) and c) show the 548 and 279 keV y-ray excitation functions,
respectively. These y-rays follow Coulomb excitation of the correspondinj 
197levels in Au. The predicted energy dependence is also shown. The 
calculation is discussed in section 4.8.
T
o
to
! 
C
ro
ss
 
S
e
ct
io
n
pa +  Na (439  keV Y )
2a 4 Ne (1630 keVr)
’0 Target
a + Z4Mg (1370 keV y )
Center of Mass Energy (MeV)
Laborato ry Energy
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figure 4.6. Excitation functions for (a) Al, (b) Mg, (c) A1 and
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(d) Mg(3 ,7.62MeV) nuclei following the C + 0 reaction. The
12crosses in figure (fc) were obtained using a C beam and a WO^ target
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(6,13 MeV) excitation function the cross-section, 
calculated as follows
a6 1 3 ^ »  was
where
*6.13^
R(E) 
Y" (E)
Y1„37(E)
°1.37^E)
= K Y" (E) R (E) n
1.37
1.37
(E)
(ET
= yield of 6.13 MeV y-ray second escapes 
= yield of 1.37 MeV y-ray
= cross-section for 24Mg taken from figure 4,5a
E = i60 bombarding energy
o . (34.3 MeV)
V _  6 1 3 ________________
n Y" (34,3 MeV) R(34,3 MeV)
°6 13^4.3 MeV) given in section 4.7.
°6 13^E  ^ Es in figure 4.4c where 100 keV lab. has been sub­
tracted from E to allow for energy loss in the target, Excitation 
functions for 24Mg (3 , 7.62 MeV) [which includes population by cas­
cade from higher states] and z 7Ail (1.013 MeV) were also found using 
the procedure defined above. The results are shown in figures 4,6a 
and 4.6d. The relative errors shown are once again the statistical 
errors; including, of course, those involved in calculating R(E), 
defined above.
4.10 DISCUSSION OF RESULTS
The data presented in figures 4.5 and 4,6 exhibit a striking 
difference in the energy dependence of the yield to various heavy 
residual nuclei. It is apparent by comparing figures 4.5b, 4.5c,
4 „6a and 4,6b that a-decay is increasingly favoured as the energy is 
increased, The cross-section for the production of 20Ne increases by
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a factor of 5 in the energy range 12,9 to 18.4 MeV, 2 increases 
by a factor of 3.5 and the 26A£ yield increases also, However, the 
z4Mg and in particular the 26Mg yield remains constant while the ' 'M  
yield decreases. This behaviour, where a-decay tends to dominate the 
break-up of the supposed compound nucleus,at first may appear to 
support proposals such as the a-particle model [Mi 72] or perhaps some 
kind of direct reaction mechanism which has been suggested [No 72]
As a first step in considering these results, preliminary Hauser- 
Feshbach [H-F] calculations were carried out in order to test the pre­
dictions of the statistical model.
The H-F expression for the total reaction cross-section for 
various outgoing channels a* is given in appendix C by equation C.5.
aa A t I
I T  r t
(2J + 1> s£ s T  a 'A ' C . 5
k^ J (21+1)2i+1) sM£" a"£"
This expression refers only to the first decay stage and does not allow 
for the possibility of residual nuclei also particle-decaying. This 
two step decay process is referred to as the first decay and second 
decay in table 4,3 where the Q-values for all processes are given,
An extension of the expression C.5 to describe the second decay would be
2J + 1 St ?a£ s n f “'*' Ä« Pa”5"r']
aa 'a
where 
P
ka2 J (21+1)(2i+l) s„t£„,
a"£"
TaM 'Ü " ’
C.5
a"s"£"
a"'s" ' £"' 
with the restriction that
a"’£"'
1' = s" + £"
where JJ is the spin of the residual nucleus in channel c4and s" is the
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channel spin of channel c" in the second particle decay.
To evaluate expression C .5' requires two orders of magnitude 
more computation than expression C.5. Under the circumstances it was 
decided to restrict the calculations to equation C.5 and attempt to 
understand the first decay stage and to find a potential for the 
incoming channel which would give results in qualitative agreement 
with experiment. The potentials for the outgoing channels a ’ are 
given in table 4.2.
TABLE 4.2
Optical model potentials used to obtain transmission 
coefficients for various outgoing channels.
*
Potential
parameters
p + 27A£ n + 27Si d + 2SM a + 21+Mg
V MeV 50.3 46,0 57.8 200,8
r fm 0 1.25 1,25 1.563 1.425
a fm 0.65 0.65 0,65 0.557
W MeV w 0.0 0.0 0.0 16,5
W MeV 7.5 5.75 50.8 0,0
r . fml 1.25 1.25 1.55 1,425
b fm 0.70 0.70 0.374 0.557
V MeV s 5.5 5.5 0.0 0.0
Reference [Ro 65] [Ro 65] [Pe 63] [McF 66]
* The potential parameters are defined in [Ro 65], except for Ww
which refers to volume absorption and r_, which is the equivalent
of r ^describing the imaginary part of the potential.
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The channels considered were the compound elastic, alpha, proton, 
neutron and deuteron channels since these account for almost all the 
first decay stage. The inelastic channel 1603 (6.13 MeV) + l2C g.s. 
was also considered and will be discussed later.
A reasonable estimate of the second decay stage can be made 
by calculating the cross-sections for the formation of residual nuclei 
of the first stage with excitation energies both below and above the 
approximate threshold for second particle decay. The assumed 
thresholds for 27A£, 24Mg and 27Si are 10.5, 12.2 and 9.0 MeV, respec­
tively, and these agree with estimates, E^, made in table 4.3 where
2 MeV has been allowed for the Coulomb barrier for proton decay and
3 MeV for alpha decay. Using these numbers and keeping in mind whether 
the residual nucleus is even-even, odd-even or odd-odd it can be seen 
that 27Si will predominantly proton decay when this is energetically 
possible. The nucleus 24Mg will either proton or alpha decay since 
neutron decay seems unlikely. However, all three decay modes for z A£ 
seem likely. It should also be noted that alpha decay is generally 
favoured over proton or neturon decay because it has a smaller centrifugal 
barrier. This is particularly important when the decaying nucleus is
in a high spin state. These qualitative statements are consistent with 
the fact that there is no indication of 2 3Mg or 26Si in figure 4.2.
There is also no definite indication of 27Si and only a small 
cross-section for the production of 2/A£. This is reasonable since
the cross-section for the formation of both will be small because most 
of the 27A£ and 27Si nuclei formed have sufficient excitation energy to 
particle decay. Also many of the levels in both nuclei y-decay 
directly to ground bypassing the first two excited states; the only ones 
which will not be Doppler broadened. The decay of 28Si to 3He + /5Mg 
has been neglected in the calculations. The main reason for this was
1 0 3 .
TABLE 4 .3
Q-values  f o r  t h e  main decay modes o f  28Si
1s t  DECAY 2nd DECAY
Qi q 2 E * (MeV)Li
(Q-value MeV) (Q-value MeV)
-5 .67 d + 26Ail
-6 .48 3He + 25Mg
- 7.886 n + 26A£ 13.1
5.17 p + 27A£ - 3.10 p + 26Mg 10.3
- 4.922 a + 23Na 13.3
- 9.78 n + 23Mg 16.6
6.772 a + 24Mg - 4.922 p + 23Na 13.7
- 2.545 a + 20Ne 12.5
-13.747 n + 26Si 14.1
0.442 n +27Si - 7.886 p + 2 6 Ail 10.3
- 9.78 a + 2 3Mg 13.4
* EL ■ ^  - Q2 + eb
Eg i s  an e s t i m a t e  of  t h e  lower l i m i t  of e x c i t a t i o n  energy needed in
r e s i d u a l n u c l e i  o f  t h e  1st  s t a g e  f o r  t h e second decay t o occur t o  a
s i g n i f i c a n t  e x t e n t .  E i s  in c lu d ed  t o  a l low  f o r  th e  e f f e c t  of  t h e
D
Coulomb b a r r i e r  o f  a p a r t i c u l a r  channe l  in  t h e  second decay s t a g e .  
For th e  purposes  of  t h i s  t a b l e  i t  i s  s u f f i c i e n t l y  a c c u r a t e  t o  assume 
t h a t  Eg = 2 MeV f o r  p ro to n s  and 3 MeV f o r  a lp h a s .
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that no experimental evidence could be found to suggest that this is a 
significant decay mode. This was inferred in section 4,4 since the 
585 and 975 keV y-rays from z5Mg were not seen,e.go figure 4,2. It 
is reasonable to expect that the total cross-section for this channel 
will be less than that for decay via d + 26A£. First the Q-value is 
less favourable for the 3He + 25Mg channel and second ^DA£ is an odd-odd 
nucleus while 25Mg is an odd-even nucleus. Furthermore, the Coulomb 
barrier would restrict 3He-emission more than d-emission, although, 
the centrifugal barrier will be smaller for 3He-emission. Thus an 
estimate of the upper limit of the error can be obtained from the 
Hauser-Feshbach prediction for the total d + 26A£ cross-section.
Since detailed knowledge of levels in the various residual 
nuclei are known only up to a limited excitation energy and because 
the number of levels above this energy rapidly becomes very large, 
the H-F equation,C.5, has to be modified. Transmission coefficients,
T are calculated for each of a number of low-lying levels for each
residual nucleus. Levels above this are grouped together and the 
transmission coefficient T , is replaced by
p(u'.r) Ta ,£1 an
where p(U,,jT) is the density of levels of spin j1 at an excitation 
energy U ’ defined in appendix D. Thus the sum over transmission 
coefficients becomes
T T,0,., V r  j *a ’ £ ? j ' ,T., Ta ' £' j ' + Jp(U’J,) Ta'£'(U’)dUa ' £ ' j ’ J a ' £' j •
Further the integral in the final term is replaced by
U + nAU
p(U’.j') Ta ,£1 (U-)
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Here AU is the increment in excitation energy used to approximate the 
integral and n is the number of increments energetically possible« 
Although AU was taken as 3 MeV, trials with AU = 2 MeV and 4 MeV gave 
only a 2% change in the results.
The width fluctuation correction [Mo 64] normally included 
is expected to be negligible since transmission coefficients are 
large (^1) and there are many open channels. This is true for all 
channels except the elastic channel for which the width fluctuation 
factor equals 3 [Mo 64]?[Da 70].
In appendix D the expression for the density of states at 
high excitation energies is given as
p(U'.j') = p fU') (2j'U) exp (-j'U'*1))/  2a2
2o2
The spin cut-off parameter a determines the distribution of the states 
as a function of the possible spin value j ’ . An upper limit for j '
9 2Ti '2 Ti ’is given by —   where T is the nuclear temperature. —  ^  is simply
2°2 2° 2 -*vthe energy of rotation for a spin j ' and moment of inertia —
Po(Ul) depends exponentially on the square root of the para­
meter a. Various combinations of a and a were used for the outgoing 
channel a + 24Mg5i.e. for the residual nucleus 24Mg. These combina­
tions are denoted by (a), (b) and (c) and are used as part of the 
symbol describing the potential (see table 4.4). The values of a and 
a used are listed in table D.l of appendix D.
4.10.1 HAUSER-FESHBACH RESULTS
The results are shown in tables 4.4 and 4.5. The total 
reaction cross-section, i.e. the total cross-section for the formation 
of the compound nucleus, is listed at the top of each column in both 
tables for each potential and each of three energies. For comparison
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TABLE 4.4
Hauser-Feshbach estimates of cross-sections for the production of 
various residual nuclei in the 1st decay stage of Table 4.3
Potential Energy in the Centre of Mass Decay Mode
12.86 15.43 18.0
P3 367.7 391.7 398,6 Total
P2 583.6 662.9 698.1 Xsecn
A 662.8 886.4 1021.5 in mb
rj - L  tExpt ^ 700 ± 30% 'v 600 ± 30% -
mb % mb % mb %
P3 (a) 145.6 40 119.0 30 95.5 24
P2 (a) 219.0 38 188.8 28 163.6 23
P2 (b) 199.0 34 170.3 26 148.3 21 p + 27A£
P2 (c) 186.9 32 151.2 23 124.9 18
A (b) 269.0 41 254.0 29 237.6 23
P3 (a) 160.0 43 207.2 53 229.0 57
P2 (a) 271.8 47 356.7 54 386.5 55
P2 (b) 304.0 52 393.9 59 434.7 62 a + 2LfMg
P2 (c) 321.9 55 430.8 65 478.3 69
A (b) 289.0 44 475.9 54 586.4 57
P3 (a) 21.7 5.9 31.0 7.9 39.1 9.8
P2 (a) 35.2 6.0 51.0 7.7 66.3 9.5
P2 (b) 26.3 4.5 37.5 5.7 47.2 6.8 d + 26A£
P2 (c) 24.9 4.3 31.8 4.8 36.8 5.2
A (b) 29.5 4.5 50.7 5.7 69.8 6.8
Expt^ 3.2* 5* 5.9*
(Figure 
4.6c)
$ 1
arbitrary scale (not in mb).
t (Ku 64).
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TABLE 4.4 (cont.)
Potential
mb % mb % mb %
Decay Mode
P3 (a) 36.9 10 31.1 8.0 27.6 6.9
P2 (a) 52.2 9.0 52.1 7.9 50.3 7.2
P2 (b) 49.3 8.5 49.0 7.4 48.9 7.0 n + 2 7 Si
P2 (c) 47.0 8.1 44.5 6.7 42.5 6.1
A (b) 71.5 11 82.9 9.4 91.4 8.9
P3 (a) 3.60 0.98 5.25 1.3 7.68 1.9
P2 (a) 11.1 1.9 19.55 2.9 30.8 4.4
P2 (b) 8.13 1.4 12.40 1.9 19.0 2.7 Compound
P2 (c) 7.53 1.3 10.65 1.6 15.5 2.2 elastic
A (b) 7.50 1.1 18.93 2.1 31.5 3.1
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TABLE 4.5
Estimate of Xsecn's for residual nuclei above and below excitation 
energies above which further particle decay is expected.
Potential Energy in the Centre of Mass System Decay mode
12.86 15.43 18.0
P3 367.7 391.7 398.6 Total
P2 583.6 662.9 698.1 Xsecn
A 662.8 886.4 1021.5
p .L t Expt ^ 700 ± 30% ^ 600 ± 30% -
mb % mb % mb %
Exc.
energy
P3 (a) 39.8 11 14.4 3.7 4.9 1.2 <10.5 MeV
105.8 29 104.9 27 90.7 23 >10.5 MeV
P2 (a) 60.8 10 20.7 3.1 8.4 1.2 <10.5 MeV
158.2 27 168.1 25.4 155.3 22 >10.5 MeV
P2 (b) 53.9 9.2 20.4 3.1 7.3 1.0 <10.5 MeV P
145.1 25 150.0 23.0 141.0 20 >10.5 MeV +
P2 (c) 50.0 8.6 17.7 2.7 6.1 0.87 <10.5 MeV 27M
136.8 23 133.9 20 118.7 16 >10.5 MeV
A (b) 70.0 11 31.5 3.6 11.4 1.1 <10.5 MeV
199.0 30 221.6 25 225.8 22 >10.5 MeV
Expt^ ^ - 3* 2* p + 2 7A£
(Figures 
4.6a $ 
4.6b)
7 7 7 2p + 2 6Mg
* Arbitrary scale (not in mb) 
t (Ku 64)
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TABLE 4.5 (cont.)
Potential
mb % mb % mb %
Exc.
energy
P3 (a) 126.4 35 133.1 34 119.3 29 < 12.2 MeV
33.6 9.1 74.1 19 109.4 28 > 12.2 MeV
P2 (a) 220.4 38 236.7 36 212.5 30 <12.2 MeV
51.4 8.8 120.0 18 173.9 25 > 12.2 MeV
P2 (b) 224.2 39 221.7 34 188.2 27 <12.2 MeV a
79.8 14 172.0 26 246.5 35 > 12.2 MeV +
P2 (c) 208.8 36 186.6 28 142.5 21 < 12,2 MeV Mg
113.1 19 244.5 37 335.8 48 >12.2 MeV
A (b) 204.0 31 253.9 29 237.6 23 < 12.2 MeV
85.0 13 221.4 25 348.8 34 >12,2 MeV
Expt^ 177 160 150 a + 2i+Mg
(figures 
4.5a $ 
4.5b)
63 190 320 2a + 20Ne
P3 (a) 17.5 4.8 5.2 1.3 1.8 0.45 < 9.0 MeV
19.4 5.4 26.0 6.7 25.8 6.7 > 9.0 MeV
P2 (a) 23.0 4.0 8.7 1.3 3.2 0.46 < 9.0 MeV
29.2 5.0 43.4 6.5 47.1 6.8 > 9.0 MeV
P2 (b) 21.7 3.8 8.0 1.2 3.1 0.44 < 9.0 MeV n
27.6 4.8 41.0 6.2 45.8 6.6 > 9.0 MeV +
P2 (c) 20.6 3.5 7.3 1.1 2.7 0.39 < 9.0 MeV 27Si
26.4 4.5 37.2 5.6 39.8 5.7 > 9.0 MeV
A (b) 31.2 4.7 13.8 1.6 5.75 0.56 < 9.0 MeV
40.3 6.1 69.1 7.8 85.7 8.4 > 9.0 MeV
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table 4.4 also lists the total reaction cross-section taken from [Ku 64]; 
measured by integrating y-ray spectra above a certain energy. The 
absolute value of the cross-section in [Ku 64] was obtained by normalizing 
to a number of measurements obtained from total charged particle detec­
tion.
Table 4.4 lists, both as absolute cross-sections in mb and as 
percentages of the total reaction cross-section, the proportion of 
compound nuclei, 20Si, which decay by proton, alpha, deuteron and 
neutron emission and also for re-emission into the elastic channel.
Table 4.5 describes in the same way the proportion of residual nuclei 
A£, ‘ Mg and ‘•'Si which are formed with excitation energies above and 
below the values 10.5, 12.2 and 9.0 MeV, respectively.
As has already been stated, 2/Si with excitation energy above 
9 MeV is expected to proton decay to form 26A£. Looking at the H-F 
results found with potential A and density of states parameters (b) 
in table 4.5 it is seen that there is only a small cross-section for 
the formation of 2'Si since most of the 2/Si nuclei formed have suf­
ficient energy to decay to 2&A£. When the cross-section for the forma­
tion of 2/Si with excitation energy above 9.0 MeV is added to that for 
the formation of 26A£ in table 4.4 the energy dependence is similar to 
that found experimentally and seen in figure 4.6c.
2l+Mg when formed with excitation energy above 12.2 MeV is 
expected to decay mainly by alpha emission, although, proton emission 
will also occur. Results, listed in table 4.5, obtained with potential 
A(b) show that the cross-section for 2üNe increases by approximately a 
factor of 4 over the centre of mass energy range 12,9 MeV to 18.0 MeV 
while the cross-section for 24Mg remains fairly constant near 230 mb.
These predictions again appear to be in qualitative agreement with the 
experimental results shown in figure 4.5b and 4.5a. However, while
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the cross-section for the formation of 27AZ appears to be small and 
decreasing as do the experimental results, figure 4.6a, the theoretical 
cross-section does seem to decrease more rapidly than experiment 
suggests. It should be noted that the errors in figure 4.6a are 
quite large.
It is necessary to carry out the full calculation of equation 
C.5* to make reliable estimates for 23Na and 26Mg also for the amount 
of 26A£ produced by pn-emission. With the qualitative agreement 
between experiment and the H-F predictions using potential A(b), defined 
in table 3.1, it seems the full calculations may be warranted. This 
was certainly not the case with potentials P2 and P3, also defined in 
table 3.1. Tables 4.4 and 4.5 show that neither of these potentials 
could produce qualitative agreement with experiment in regard to 
absolute cross-sections or energy dependence for production of the 
various residual nuclei. This is not surprising since potentials P2 
and P3 were found in attempting to fit the total reaction cross-section 
at energies below the Coulomb barrier (discussed at length in chapter 3). 
Potential A on the other hand was found by the Argonne group [Si 71] in 
attempting to fit the elastic scattering excitation functions at 
energies above the barrier [Ma 72] including the energy range covered 
in this experiment (see figure 1.2).
Table 4.6 was constructed in an attempt to understand the two 
particle break-up of the compound nucleus and in particular the effects 
of angular momentum on the break-up process. Table 4.6 contains the 
average angular momentum <J> in the compound nucleus.
E Jo(J)
< J >  =  ------------
£ a (J)
where a(j) is the cross-section for the formation of the compound nucleus
107a,
TABLE 4.6 
12C + 'l60 Reaction
Average spin in the compound nucleus and critical angular momentum in 
the incoming channel obtained with potentials P2, P3 and A. Critical 
angular momentum and maximum spin value in residual nucleus for various 
outgoing channels is also shown.
C.M.
Energy
12.86 MeV 15.43 MeV 18.0 MeV
Incoming
Channel
potL
<J> £c j ’J max <J> £c j 'max <J> £c j 'J max
P2 6.8 9.5 8.3 11.0 9.5 12.5
P3 6.6 9.5 8.2 11.0 9.4 12.5
A 6.1 9.5 7.7 11.5 8.9 13.5
Outgoing
channels
Alphas
(a)* 3 5.0 3 6.0 3 7.0
(b) 3 6.0 3 7.0 3 7.0
(c) 3 7.0 3 8.0 3 8.0
Protons 1.5 6.5 1.5 7.5 1.5 8.5
Deuterons 0.0 6.0 2.5 7.0 2.5 8.0
Neutrons 1.5 5.5 1.5 6.5 1.5 7.5
(a), (b) and (c) refer to density of states parameters in 
Table D.l of appendix D.
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with total angular momentum J. Since the spin of both : 2C and i80 is 
zero, J equals the relative orbital angular momentum.. The critical 
angular momentum, is also listed in table 4.6. is the maximum
Ä-value for which the transmission coefficient, , becomes equal to 
half its maximum value. Transmission coefficients for potentials P2, 
P3 and A at 18 MeV in the centre of mass system are plotted in 
figure 4.7,
The emitted a, p, d and n particles have a wide range of 
energies because of the many possible states which can be populated in 
the residual nuclei. The combined effects of density of states in 
the residual nucleus and the Coulomb barrier penetration for the 
particular two particle break-up causes the particle spectrum to peak 
at an energy approximately equal to the Coulomb barrier. As an esti­
mate of the "average angular momentum" carried out in these channels 
the critical angular momenta of the particles with energies equal to 
the corresponding Coulomb barriers are quoted in table 4.6. Also 
given is the maximum spin, j , available in the residual nuclei to 
be populated by a, p, d and n-decay.
4.10.2 DENSITY OF STATES PARAMETERS a AND a
H-F results for different combinations of a and a for the 
a + ^1+Mg channel are given in tables 4.4 and 4.5 (calculated using 
potential P2) . It is clear that increasing the proportion of high 
spin states in ZHMg or increasing the total number of states will 
increase the percentage of excited 28Si nuclei which decay by a 
a-emission, as could be expected. The energy dependence of the 
cross-section and in particular the total a-decay appears to remain 
relatively unchanged.
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It should also be emphasized that the spin cut-off parameter
is defined, in appendix D, to increase linearly with energy to a
maximum value of T x (i.e. the nuclear temperature times the
rigid body moment of inertia). That this value is, in fact, reached
can be seen in table 4,6 from the values of j ’ for the set ofmax
parameters (b). For higher energies increasing o above the value of 
3.0 had little or no effect.
Finally, table 4.5 shows that changes in o and a for 21+Mg 
will change the shape of the a-spectrum.
4.10.3 POTENTIALS P3, P2 AND A
Despite the fact that the transmission coefficients cal­
culated for these potentials are very different, as seen in figure 4.7, 
the H-F predictions using these different sets of coefficients are very 
similar. The similarity can be seen in tables 4.4 and 4.5 by comparing 
the percentages of the compound nuclei which decay via the various 
channels. Comparing percentages rather than absolute cross-sections 
removes the energy dependence of the total reaction cross-section for 
the various potentials. The percentages should reflect any angular 
momentum dependence of the decay process. The similarity of the H-F 
results found with P3(a) and P2(a), also with P2 (b) and A(b) is there­
fore not surprising in view of the similarity in the values of and 
<J> shown in table 4.6. The similar values for <J> are due in part 
to the statistical weighting factor 2J + 1, favouring the higher J 
values in the incoming channel.
4.10.4 ENERGY DEPENDENCE OF 28Si BREAK-UP
As already stated above,the energy dependence of cross- 
sections for two particle break-up expressed as percentages reflects
no,
the effect of angular momentum on the break-up. Table 4.4 shows that 
the percentage of z8Si which a-decays,increases with energy as it does 
for deuteron channels and compound elastics, whereas,the percentage
which neutron and proton decay decreases with energy. This behaviour 
is due to the rate at which angular momentum is brought into the compound 
system as the centre of mass energy is increased; the average spin in 
the compound nucleus 28Si increases quite rapidly with energy (see table 
4.6). This has the effect that those channels more able to remove 
the angular momenta are increasingly favoured as the energy is increased,
A further demonstration of this energy or angular momentum 
dependence is given in table 4.7 where the incoming channel has been 
changed from 160 + 12C to 14N + 14N. The potentials used for i4N + 14N 
are given in table 3.1. The results are very similar to those found
for 180 + 12C because the centre of mass energies for 14N + l4N were 
chosen so that the average spin in the compound nucleus was very 
nearly the same in both cases as can be seen from tables 4.6 and 4.8.
The values for j i.e. the maximum available spin in the residual 
nuclei9were somewhat higher for 14N + 14N because of the higher Q-values. 
Nevertheless this appears to have little effect on the results. The 
only difference seems to be that the cross-section for compound elastic 
scatterings has become relatively insignificant.
The energy dependence for the cross-section in millibarns 
for decay via various channels includes the energy dependence of the 
total reaction cross-section as well as the effects described 
above. The effect of energy dependence of the total reaction cross- 
section is largest for potential A, which is seen from the 
reaction cross-sections in tables 4.4 and 4.5. This energy dependence 
appears to be necessary to fit the experimental results taken from 
figures 4.5 and 4.6 and listed in tables 4.4 and 4.5.
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TABLE 4 o 7
Hauser-Feshbach estimates of cross-sections for decay of 20Si 
via various outgoing channels following the i4N + il+N reaction.
Potential
11.0 MeV
Centre Mass Energy 
15.0 MeV 19.0 MeV
Decay mode
PSN* 443 534 578 Total
PVN* 510 820 1054 Xsecn
mb % mb % mb %
PSN(c)+ 177.1 40 135.0 25 13.3 16
PVN (c) 184.5 36 220.2 27 182.3 17 p + 27 Kl
PSN(c) 186.8 42 299.1 56 377.2 65
PVN(c) 222.5 44 483.2 59 674.5 64 a + 24Mg
PSN(c) 29.9 6.7 50.4 9,4 67.3 12
PVN(c) 34.8 6.8 81.6 10 117,0 11 d + 26A£
PSN(c) 58.8 13 50.9 9.5 40.0 6,9
PVN(c) 67.3 13 84,2 10 79.9 7.6 n + 2 7 AS,
PSN(c) 0.24 0.054 0.41 0.072 0.48 0.084 Compound
PVN(c) 0.31 0.060 1.28 0.16 1.46 0,138 elastic
PSN and PVN are potentials defined in Table 3.1 
of chapter 3.
(c) refers to density of states parameters defined in 
Table D.l of appendix D.
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TABLE 4.8 
14N + 14N Reaction
Average spin in the compound nucleus and critical angular momentum in 
the incoming channel obtained with potentials PSN and PVN. Critical 
angular momentum and maximum spin value in residual nucleus for various 
outgoing channels is also shown.
Energy 11.0 MeV 15.0 MeV 19.0 MeV
Incoming
Channel
potL
<J> £c j 'max <J> £ jc
i
max <J> £c j ’J max
PSN(c)* 5.1 7.0 7.8 10.0 9.8 13.0
PVN(c) 5.2 7.0 7.6 11.0 9.5 14.0
Outgoing
Channel
Alphas 3 8.0 3 9.0 3 9.0
Protons 1.5 9.5 1.5 9.5 1.5 9.5
Deuterons 2.5 8.0 2.5 9.0 2.5 10.0
Neutrons 1.5 7.5 1.5 8.5 1.5 9.5
* (c) refers to density of states parameters in Table D.l of appendix D.
PSN and PVN are defined in Table 3.1.
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4.10.5 SUMMARY
The main aim of these calculations was to see if decay of 
20Si, formed in the 160 + 12C reaction, which is heavily weighted in 
favour of a-decay, could be explained by the statistical model or 
whether an alternate model such as the a-particle model [Mi 72] 
might be necessary.
From the preliminary calculations presented it is seen that 
the striking energy dependence of the a-decay channels found experi­
mentally can be predicted by the statistical model. This energy 
dependence appears to result mainly from the relative ability of the 
various decay modes to remove angular momentum and also from the 
rate at which angular momentum is brought into the system.
It is also clear that in order to fit the experimental 
results the total reaction cross-section must increase with energy. 
Encouraging H-F results were found with potential A, however, 
expression C.5' must be solved to produce quantitative predictions.
To conclude, therefore, it can be said that the experimental 
results seem to be correctly predicted by the statistical model. This 
is the same conclusion drawn by Halbert et al. [Ha 67aJ>[Ha 67b] in 
relation to the 12C + 1&0 reaction, Vogt et al. [Vo 64] and Almqvist 
et al. [Al 64] in relation to the 12C + i2C reaction and Shaw et al.
[Sh 69] in relation to the 150 + 160 reaction. However, these groups 
considered only certain a-decaying channels and not the total yields 
of various residual nuclei as in the present work.
4.10.6 INELASTIC SCATTERING
Table 4.6 shows the rate at which the J2C + 160 channel brings 
in angular momentum to the compound system. As an example^consider
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the fact that all of the 360 mb increase in the total reaction cross- 
section at 18.0 MeV, compared to that at 12.9 MeV, predicted with 
potential A,brings spin greater than 8 into the compound system.
The question naturally arises, "does Bohr's picture of the compound 
nucleus, in which the compound system loses all memory of the incoming 
channel, break down with very high angular momenta in the compound 
system?" In order to answer this, measurements such as those discussed 
in this chapter are necessary. In particular, absolute cross-section 
measurements for those decay channels which are able to remove 
relatively large amounts of angular momenta should be made since it 
is these channels which one would expect to be enhanced in the event 
that a compound nucleus is not formed. The 160(3 , 6.13 MeV) +
12C decay is one such channel and the excitation function for this 
channel is shown in figure 4.4c.
Hauser-Feshbach calculations indicated that contributions
from the 150(3 , 6.13 MeV) + 12C(2+, 4.43 MeV) channel to the yield of
160(3 , 6.13 MeV) nuclei is only 5% ot that from the 160(3 , 6.13 MeV)
+ 12C channel at 18 MeV in the centre of mass. This is due to theg.s.
difference in the Coulomb barriers for the two channels. At lower
energies the relative contribution from 150 3 + 12C 2+ channel will
be even smaller (see the WKB approximation for transmission through
the Coulomb barrier in chapter 1). Hence the measured yield of i60
nuclei in the 3 , 6.13 MeV state can be considered to equal the cross-
section for the 160(3 , 6.13 MeV) + 12C outgoing channel withing.s.
experimental errors. In which case Hauser-Feshbach predictions with 
potential A account for less than 10% of the measured cross-section.
It therefore appears that the compound nucleus picture is not complete.
This result was not unexpected since reaction mechanisms such 
as inelastic scattering and a-particle transfer may also contribute,
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Further discussion of this reaction is given in the following chapter 
where the measurement of the i603 (6.13 MeV) + [2C angular distribution 
is described.
4.10.7 STRUCTURE IN EXCITATION FUNCTIONS
Structure can be seen in the z4Mg excitation function, figure 
4.5a. The width of the structure appears to vary between 100 and 300 
keV c.m. and the cross-section fluctuates by 'v 8% of its mean value.
From the density of statespredictions in the Hauser-Feshbach cal­
culation it can be shown that the number of independent channels is 
^ 250. On the basis of the simple statistical model [Er 63]s [Br 63] 
we expect the 24Mg cross-section fluctuations to have a standard 
deviation of 'v 7% of the mean value.
In the case of 20Ne and 23Na, figures 4.5 b and 4.5c, which 
are populated by two-particle decay, the number of independent channels 
contributing to their total cross-sections is much larger than the 250 
associated with z4Mg. This number was again estimated from the density 
of states predictions, discussed in appendix D, and found to be > 10,000= 
Since the incoming channel has zero channel spin the total number of 
independent channels is the sum over all channels which we expected to 
contribute and all the magnetic substates equal to or greater than 
zero which these channels can attain. This is so with zero incoming 
channel spin since the expression for the outgoing channel cross-section 
for a particular magnetic substate -M is equal to that for a magnetic 
substate +M [Bo 65]. Hence the simple statistical model would suggest 
that the standard deviation of fluctuations in the cross-section should 
be ^ 1% of the mean value. In fact,variations in the cross-section 
are very small except at 16.7 MeV in the 20Ne yield where a strong peak 
400 keV c.m. wide occurs. A peak occurs at 16.7 MeV c.m. in the
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yield of 23Na, however, there appears to be no corresponding peak in 
the 24Mg excitation function.
It is interesting to note that in the recent results of Cosman 
et al. [Co 72] a rather strong peak occurs within 100 keV of 16,7 MeV 
c.m. in the excitation functions of at least six groups in the
•jlif
12C (160,p^)27A£ reaction. These groups correspond to 27Al having
-j-
excitation energy between 11 MeV and 14 MeV. A peak is also seen in 
excitation functions of 11 groups in the 12C (160,ou)^4Mg* reaction.
•f*In fact, a very strong peak is seen in the sum over 36 groups in the 
latter reaction corresponding to 2i+Mg having excitation energy between 
0.0 MeV and 17.59 MeV. At this stage it is difficult to make more 
than a qualitative assertion that this corresponds to non-statistical 
behaviour. Such an assertion has already been made in relation to a 
peak seen at 19.7 MeV in the 12C + 160 elastic and a number of other 
channels [Ma 72]^[St 72]5 [Co 72]. This fact has been mentioned in 
chapter 1 in relation to non-statistical behaviour. The anomalies at 
19.7 and 16.7 MeV c.m. differ in that a peak occurs in the 160(3 ,6„13 
MeV) + 12Cg s differential cross-section at 19.7 MeV c.m. [St 72] but 
not at 16.7 MeV c.m, (figure 4,4c). They also differ in that a dip 
in the 12CC160,a)z4Mg* yield occurs at 19.7 MeV whereas a peak occurs 
at 16.7 MeV [Co 72].
Fluctuations in the 26A& excitation function are less than 
the statistical errors of 5% in figure 4.6c. This indicates that 
a large number ('v 400) of independent channels are contributing to 
the 2dA£ yield and this probably includes two particle (p n) decays.
Very little structure occurs in the l60(3 , 6.13 MeV) +
1 9 C excitation function. That which does occur may be due to g.s.
statistical fluctuations as the characteristic width at energies above
t within 100 keV of 16,7 MeV c.m.
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16 MeV appears  t o  be 'v 200 keV. I f  t h i s  i s  t h e  case  th e n  t h e  f a c t  
t h a t  t h e  s t r u c t u r e  i s  not  v e ry  prominent  i s  c o n s i s t e n t  w i th  th e  H-F 
e s t i m a t e  which i n d i c a t e s  t h a t  l e s s  th a n  10% of  t h e  c r o s s - s e c t i o n  i s  
due t o  compound nuc leus  b reak -u p .
Following t h e  d i s c u s s i o n  of  c h a p t e r s  2 and 3 concern ing  
q u a s i - m o le c u l a r  s t a t e s  and from f i g u r e s  2.7 and 2.10 one might  hope 
t o  see  q u a s i - m o le c u l a r  s t a t e s  a l s o  i n  th e  12C + 160(3 , 6 .13  MeV) 
channe l .  However, t h e  r e s u l t s  in  f i g u r e  4 .4c  do not  ex tend  t o  
e n e r g i e s  f a r  enough below t h e  Coulomb b a r r i e r  ('v 14 MeV) f o r  t h i s  
channel  t o  g ive  any c l e a r  i n d i c a t i o n  o f  t h e  e x i s t e n c e  or  non­
e x i s t e n c e  of  such s t a t e s .
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CHAPTER 5
THE 12C(160,160(3~,6,13 MeV))12C ANGULAR DISTRIBUTION 
5.1 INTRODUCTION
In section 4.10 it was stated that the total cross-section 
for the production of 160(3 , 6.13 MeV) nuclei, shown in figure 4.4c, 
was expected to arise predominantly from the 12C (160,160(3 ,6.13 MeV))
12C^ s reaction. Furthermore, Hauser-Feshbach predictions for the 
total 12C(160>160C3-, 6.13 M e V » “ Cg-s_ cross-section accounted for 
less than 10% of the measured cross-section. The question is then how 
to explain this discrepancy. There are several possible explanations 
which are given in the following.
1. The reaction proceeds by an inelastic scattering mechanism. 
This has already been suggested in connection with the 12C + ^C
and 160 + 160 reactions [Gr 71], [Sc 70], [Im 69].
2. An alpha particle transfers from the 160 nucleus to the ]2C 
nucleus during a grazing collision.
3. An alpha particle resonates between the two 12C cores, during 
the collision, in much the same way as an outer orbital electron 
resonates between two atoms to form a "molecular bond". This has been 
suggested by Von Oertzen to explain the rise at backward angles in the 
12C + 160 elastic scattering cross-section [Oe 71].
In a simple view of these reaction mechanisms the angular 
distribution might be expected to have a different shape for each of 
the three possibilities. For example, since in all three cases the 
particular reaction is expected to proceed strongly only for grazing 
collisions, i.e. small angle scattering;
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1. inelastic scattering will produce a forward peaked angular 
distribution;
2. a direct, single-step alpha-particle transfer will mean 
that the 160 nuclei are emitted mainly into the more backward angles;
3. a resonant alpha-particle transfer (in this case all memory 
is lost of which lZC core the alpha particle particle originally 
belonged to) will result in an angular distribution which is symmetric 
about 90°.
In view of this, it was decided to measure an angular dis­
tribution of the 1ZC(160,160 (3", 6,13 MeV))12C reaction. Theg. s.
experiment is described in section 5,2. The two measurements of the 
12C (*60,160*)12C reaction which involve the 'b0(3 , 6,13 MeV) nucleus 
and which were carried out prior to the experiment discussed here are 
inadequate in two respects. In both cases, namely the results of 
Hiebert et al. [Hi 64] and Roynette et al. [Ro 70] using ib0 bombarding 
energies of 168 and 65 MeV, respectively,
1. only the angular range 15° to 45° in the centre of 
mass system were covered, and
2. contributions from the ib0(3 , 6.13 MeV) + J2C^  ^ and 
lb0(0+, 6,05 MeV) + 12C^ s were not resolved.
The fact that the cross-section was measured only for angles 
forward of 45° Coin, means that a great deal of information is lost.
A good indication of this can be seen in the results of another 
measurement of the 52C (160,160)12C* reaction, reported by Harvey et 
al. in [Ha 71]. Angular distributions for the elastic and 
Lb0 + i2C(2+, 4.43 MeV) channels were measured in the centre of mass 
angular range 25“ to 150° using 69.45 MeV bombarding 1b0 ions. In the 
results, shown in figure 5,1a, both angular distributions are seen to
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5.1b. The C + 0 elastic scattering results taken from (Vo 69).
fits are optical model predictions which are discussed in (Vo 69).
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figure 5.1a Elastic and C( 0, 0) C*(4.44MeV) angular distributions
12(Ha 71a) measured following the bombardment of a C target by 69.45
MeV 160 ions. Cross-sections forward of 85° c.m. were obtained from
16 12 0 spectra and those backward of 85° c.m. from C spectra.
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rise strongly at backward angles. This suggests that the reaction 
proceeds to a large extent via an alpha transfer mechanism„ At 
forward angles, in the range 15° to 45° c.m., oscillations can be 
seen which are similar to those found in [Ro 70] and [Hi 64],
Fortunately the second inadequacy is offset by the fact that 
the i60 ions appear to be emitted mainly in the 3 state and not the 
0+ . This may be seen by applying the Blair phase rules [B1 59] to the 
results of [Ro 70] and [Hi 64]. Discussion of the Blair phase rules 
is left to section 5.3. (It should be noted, however, that Von 
Oertzen et al. [Oe 69] and Roynette et al. [Ro 70] have applied the 
phase rules incorrectly to deduce that the (0+, 6.05 MeV) state is 
mainly populated.)
It is possible to use the fact that l50 nuclei in the 3 ,
6.13 MeV state decay to the ground state via y-ray emission while those 
in the 0+ , 6.05 MeV state decay to the ground state via emission,
to measure separately the 12C (*60,160 (3 , 6.13 MeV))12C^ s cross- 
section. The experimental procedure to do this is described in the 
following section.
5.2 EXPERIMENTAL PROCEDURE
The angular distribution measurement was carried out using 
2a 90 yg/cm natural carbon target mounted in a steel cylindrical chamber 
with internal diameter 13 cm and with its axis vertical (as shown in 
figure 5.2). The target was bombarded with 'v 200 nAmp. of 41.2 MeV 
lb0D+ ions which were focussed through a 0.3 cm diameter collimator 
15 cm from the target. A 12.7 cm diameter * 10.2 cm long NaI(T£) 
crystal was placed with its axis vertical and its front face 4.1 cm 
above the target. It was supported by a steel plate, 0.95 cm thick
118a.
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figure 5.2. Diagram showing the relative position of the target, Nal(Tl) 
detector and the magnetic spectrometer. The normal to the reaction 
plane is in the plane of the diagram.
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which formed t h e  top  o f  t h e  chamber.
The t a r g e t  t h i c k n e s s  and beam c u r r e n t  were moni to red  u s ing  
a 1000 ym Si (Li) d e t e c t o r  mounted a t  160° t o  t h e  beam d i r e c t i o n  i n s i d e  
t h e  chamber. This  c o u n te r  d e t e c t e d  t h e  l i g h t  p a r t i c l e s  from th e  
J 2C + 160 r e a c t i o n  which emerge in  t h i s  d i r e c t i o n  with  s u f f i c i e n t  energy
t o  p e n e t r a t e  a 0.0025 cm t h i c k  A£ f o i l .  The d e t e c t o r  was 5 cm from t h e
_2t a r g e t  and c o l l im a te d  t o  subtend a s o l i d  ang le  o f  2 .5  x 10 s r .
The t a r g e t  chamber a l s o  i n c o rp o r a t e d  a s l i d i n g - b a n d  vacuum s e a l  
which p e r m i t t e d  a 61 cm double fo c u s s in g  magnetic  s p e c t ro m e te r  t o  be s e t  
a t  any ang le  between -10° and +155° r e l a t i v e  t o  t h e  beam d i r e c t i o n .  The 
i60 ions  and l a t e r  th e  12C ions  from t h e  12CC160 , 160 (3 , 6.13  MeV))l z C 
r e a c t i o n  which passed  th rough  th e  e n t r a n c e  s l i t s  o f  th e  s p e c t ro m e te r  were 
focussed  onto th e  5 cm long x 0 .5  cm wide s u r f a c e  o f  a p o s i t i o n - s e n s i t i v e  
d e t e c t o r .  The p o s i t i o n - s e n s i t i v e  d e t e c t o r  was p la ced  i n  th e  s p e c t ro m e te r  
(see  f i g u r e  5 .3)  so t h a t  t h e  ang le  <J> between i t s  s u r f a c e  and t h e  c e n t r a l  
p a r t i c l e  o r b i t ,  i . e .  t h e  o p t i c  a x i s  o f  th e  magnet ,  was 42°.  The d e t e c t o r  
s u r f a c e  then  c o i n c id e s  with  t h e  f o c a l  p la n e  o f  t h e  s p e c t ro m e te r .  The 
energy  or  momentum range  which w i l l  be focussed  onto th e  d e t e c t o r  i s  d e ­
te rm ined  by th e  component o f  l e n g th  o f  th e  d e t e c t o r  p e r p e n d i c u l a r  to  t h e  
c e n t r a l  o r b i t  and by t h e  d i s p e r s i o n ,  D, o f  th e  magnet .  The d i s p e r s i o n  
i s  d e f in e d  by
D = 6R _ji ~R 6p
6R 2E 
R 6E
3.6  f o r  the  A.N.U. 61 cm s p e c t ro m e te r
where 6R i s  t h e  small  change in  t h e  r a d i u s  R o f  t h e  mean o r b i t  o f  a 
p a r t i c l e  with  momentum p = /2mE i f  i t s  momentum i s  changed by a small  
amount 6p.
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figure 5.3. A cross-section through the 61 cm double focussing spectrometer 
showing the central particle orbit and the position sensitive detector.
119b
if) O
U  <
UJ _j
£3C L J
O  O
(A»W) A9U3N3 Aä01V«09Vl
o
•H
P(/)cd
r-H
<1)
CD
43P
P
OP
c/)
o
•H
PcdECD
C•HUS
lO
CD
SbO•HP
CD
XP
e•H
CDe5CtJ
Xa
o•H
Pt/)cd
rH<dc•H
T)
Ccd
cde
I0XV)
a>Pcd
CD1
£
&
OPcdPoXcd
t>0
Ccd
T3
Ccd
X00P<D
Ca>
XPo
palPOXCdrH
pop
E
u
ocn
o
p
bO
C•HT3
cO
a</>CDPPO
o
T3(D
Pcdu
•H
(3•H
•H
(D
CCcdXO
o•H
p
C/>
cdrH
0)
c•H
<dXp
LA
BO
RA
TO
RY
 
AN
GL
E
Hence 6EE
5cm x sin (42°) 
61cm X
2
3,6
“ 4.5% x sin(42°)
The kinematical energy spread for a given horizontal angular
range can be seen in figure 5.4 where the energy of the inelastic lb0
and 12C ions is plotted as a function of laboratory angle. In the case
of 160(3 , 6.13 MeV) particles which subsequently decay by emission of
a 6.13 MeV y-ray,there is an additional energy spread of 'v 1.3% due to
the recoil. With the large energy spread the small value of 5E/E.jgiven
above, would limit the horizontal angular range (except for angles close
to 0°) to a value less than the maximum allowed by angular resolution
considerations. This maximum value was within the capability of the
spectrometer. Therefore the energy range accepted by the detector was
increased by rotating the counter so that its surface was perpendicular
to the central orbit, i.e. 0 = 90° in figure 5.3. In this case 
6E—  = 4.5%. The consequent loss in position resolution was more than 
compensated for by the gain in the detectable energy range. A typical 
position spectrum is shown in figure 5.5. The electrical contact at 
the rear of a position-sensitive counter is in the form of a resistive 
layer. One end of this layer is grounded and the position pulse is 
taken from the other. If a particle of energy E strikes the counter 
a distance Y from the grounded end of the resistive layer, the total 
length of which is Z, then the position pulse height E^ depends on E and 
Y as follows
E a —  E 
P z
Z = constant
However, since we were only looking at one particle group the percentage 
energy change in E across the counter is very small so that
120a,
CO
Position Spectrum
0 35 7C
CHANNEL No.
figure 5.5. The spectrometer was set to detect *^0 ions in the 8+ charge 
state following the ^C(*^0,^0*(6.13MeV)) *2C reaction. The resulting 
position spectrum is shown. The angle <j> in figure 5.3 is 90°.
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To measure th e  angu la r  d i s t n b u t i o n , t h e  magnet ic  f i e l d  of  t h e  
s p e c t ro m e te r  was s e t  t o  focus t h e  160 (6 .1 3  MeV) ions  from the  
1 2C (-160 , 1 b0 * ) 1 2C^ s r e a c t i o n  onto  the  d e t e c t o r .  The magnet ic f i e l d  
was then  changed in  small  s t e p s  and a p o s i t i o n  spectrum was reco rded  f o r  
each v a l u e .  In t h i s  way th e  c o r r e c t  s e t t i n g  was o b ta in ed  so t h a t  t h e  
lb0 (6 .1 3  MeV) ions  were p o s i t i o n e d  c e n t r a l l y  on th e  d e t e c t o r  s u r f a c e .
The p a r t i c l e s  d e t e c t e d  were the n  r e q u i r e d  t o  be in c o in c id e n c e  with  a 
p u l s e  in  t h e  12.7 cm x 10.2 cm NaI(T£) d e t e c t o r  co r respond ing  t o  a y - r a y  
o f  energy above 3 MeV. This removes the  c o n t r i b u t i o n  from t h e  
lb0 ( 0 + , 6.05  MeV) + 12C^ s channe l .  The p o s i t i o n  and energy r e s o l u t i o n
was s u f f i c i e n t  to  r e s o l v e  th e  p a r t i c l e s  in  t h e  ib0(3 , 6.13  MeV) + 12C
channel  from th o se  in  t h e  lb0 (6 .9 2  MeV) + 12C channe l .
g - s .
g-s
I t  was c l e a r  from i n i t i a l  e s t i m a t e s  o f  t h e  count  r a t e  u s ing  th e  
a b s o l u t e  c r o s s - s e c t i o n  o f  f i g u r e  4 .4c  t h a t  a t h i c k  12C t a r g e t  would be 
n e c e s s a r y .  However, th e  energy r e s o l u t i o n  had t o  be s u f f i c i e n t  t o  r e ­
so lv e  groups 800 keV a p a r t  and t h i s  s e t  an upper  l i m i t  to  the  t a r g e t  
t h i c k n e s s .  I t  was a l s o  n e c e s s a r y  t o  o p e r a t e  t h e  Nal(TA) d e t e c t o r  a t
4
count r a t e s  'v 10 c t s / s e c  which i s  p o s s i b l e  s in c e  good y - r a y  energy 
r e s o l u t i o n  i s  not  needed.  The y - r a y  energy spectrum from th e  Nal(TJl) 
d e t e c t o r  was t h e r e f o r e  o b ta in e d  as fo l l o w s .  The ou tpu t  p u l s e s  from the  
8th  dynode (p u lse s  used f o r  f a s t  t im ing  were ta k e n  from t h e  anode) of  
t h e  10 s t a g e  p h o t o m u l t i p l i e r  were p r e a m p l i f i e d  i n  th e  t a r g e t  a r e a  b e fo re  
f u r t h e r  a m p l i f i c a t i o n  i n  t h e  c o l l e c t i o n  a r e a .  The l i n e a r  a m p l i f i e r  
was ope ra ted  in  th e  d o u b le -d e l a y  l i n e  mode p roduc ing  b i p o l a r  p u l s e s
4
^ 1 ysec wide.  T h e re fo re  o p e r a t i n g  a t  count r a t e s  'v 10 c t s / s e c  was 
expec ted  t o  produce e r r o r s  due t o  p i l e  up 'v 1%.
E r ro r s  due t o  p i l e  up a s s o c i a t e d  wi th  th e  f a s t  t im ing  s i g n a l s  
from th e  NaI(T£) were q u i t e  n e g l i g i b l e .  This  i s  so s in c e  a 3 metre  
c l i p p i n g  l i n e ,  shown in  f i g u r e  5 . 6 ,  l i m i t e d  t h e  inpu t  p u l s e  width to  th e
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timing filter amplifier to 'v 100 nsec. For perfectly rectangular 
pulses the width after clipping would be 30 nsecs. However, for 
realistic pulses this becomes 30 nsecs plus the rise time of the 
output pulses from the anode.
The amplified pulses from the anode of the photomultiplier 
were then fed into a fast discriminator which supplied a stop pulse 
for the time to amplitude converter. The start pulse was provided 
by a zero strobe acting on the amplified energy pulse from the 
position-sensitive counter. The resulting peak in the time spectrum 
from the 160(6.13 MeV) group in coincidence with the 6.13 MeV y-rays 
had a FWHM of 20 nsecs. The complete set of electronics used in this 
experiment is shown in figure 5.6.
Demanding that the TAC output be in coincidence with the 
NaI(T£) detector pulses above 3 MeV significantly improved the peak to 
background ratio of the time spectrum. This was possible since the 
160(and 12C ions) of interest, detected in the position-sensitive 
counter,are accompanied by the 6.13 MeV y-ray. Most of the y-rays 
in the NaI(T£) detector spectrum appear below 3 MeV whereas a sizeable 
percentage of the 6 MeV y-ray line shape appears above 3 MeV.
The position output pulse and the corresponding TAC output 
pulse were digitized and the two numbers were recorded as an event 
(provided they satisfied the coincidence requirements determined by 
the electronics in figure 5.6). All events were stored in an IBM 
1800 computer for analysis both during and after the experiment.
FORWARD CENTRE OF MASS ANGLES
Figure 5.4 shows the laboratory energy of i60 and 12C ions 
associated with the elastic and inelastic channels (indicated), which 
emerge at particular laboratory angles. The laboratory energies
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and angles associated with the 160 and l2C ions inelastically scattered
into 90° in the centre of mass system are indicated. From this it is
clear that to measure the 160(3 , 6.13 MeV) + l2C, , channel angularg. s.
distribution at forward angles the 160 ions of this channel should be 
detected at forward laboratory angles. This was done at a series of 
angles and the results are listed in table 5.1.
BACKWARD CENTRE OF MASS ANGLES
The laboratory energies of the 160 ions emitted at backward 
centre of mass angles in the inelastic channel of interest are too 
small, in general, to be detected. The thick 12C target will either 
stop the 1&0 ions or if not then the poor energy resolution would render 
them useless for the purposes of this experiment. Therefore, to 
measure the inelastic angular distribution at backward angles the 
12C ions emerging at forward laboratory angles were detected.
There is, however, a problem which has to be overcome m  
order to do this. It can be shown that for a charged particle with 
energy E moving in a magnetic field, the quantity
M E--- = constant
Z2
where M = mass of the particle
Z = charge state of the particle.
It follows that with the spectrometer set to detect 12C ions 
in the 6+ charge state, any 160 ions in the 7+ charge state, with energy 
approximately equal to E, will also be detected. In figure 5.4 it is 
seen that at forward laboratory angles both 160 and 12C nuclei from 
the inelastic channel have approximately the same energy and both will 
also be in coincidence with the 6.13 MeV y-ray. Therefore these 
groups will overlap to some extent in both the position and energy
123a.
TABLE 5.1
Results of the l60(3 ,6.13 MeV) + 12C angular 
distribution measurement.
B, , lab.
(degrees)
0c ,m.
(degrees)
ABc . m.(degrees)
Charge
state
Xsecn
(mb/sr)
Error ± 
(mb/sr)
3 8.0 2.2 8 8.3 .5
4 10.6 2.6 8 6.63 .22
6 15.9 2.6 8 3.66 .11
8 21.3 2.6 8 2.48 .08
10 26.6 2.6 8 1.06 .04
12 32.1 2.6 8 1.26 .06
14 37.5 2.7 8 0.84 ,06
16 43.0 2.7 8 1.01 .04
18 48.6 1.4 8 0.69 .04
20 54.3 1.4 8 0.57 .04
22 60.2 1.5 8 0.53 .03
24 66.1 1.5 8 0.53 .04
26 72.3 1.6 8 0.35 .03
28 78.8 0.8 7 0.33 .03
30 85.6 0.9 7 0.32 .03
32 93.0 1.0 7 0.175 .024
3 173.3 2.2 6 2.18 .13
4 171.1 2.2 6 3.25 .16
6 166.6 2.2 6 4.67 .24
8 162.1 2.2 6 5.56 .22
10 157.6 2.2 6 4.77 .24
12 153.1 2.1 6 3.46 .18
14 148.6 2.1 6 1.28 .11
16 144.1 2.0 6 0.89 .09
18 139.5 1.1 6 0.62 .06
19 137.2 1,1 6 1.0 .08
20 135.0 1.1 6 1.25 .11
22 130,4 1.1 6 1.15 .11
24 125.8 1.1 6 0.79 .07
26 121.1 1.2 6 1.03 .08
28 116.5 1,2 6 0.67 .07
29 114.1 1,2 6 0.27 .05
30 111.8 1.7 6 0.019 .013
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spectra of the position-sensitive counter. This situation was avoided 
by placing a 0.0006 cm thick AS, foil in front of the position-sensitive 
detector. The energy loss of i60 ions in the foil is greater than the 
loss for 12C ions, so that it was possible to resolve the two groups in 
both the energy and the position spectra (the position pulse height is 
also proportional to the energy of the particle).
The complete set of experimental results are given in table 
5.1. The differential cross-sections forward of 100° c.m. were 
measured by detecting the 160 ions while for those backward of 100° c.m. 
the 12C ions were detected at the laboratory angles indicated. The 
particular charge states of 160 and 12C detected are also listed. The 
charge state fractions used to correct the yields may be found in 
[Br 68] for 160 ions and in [Ma 68] for 12C ions. The angular 
resolution A6 c.m. is also given in table 5.1. All angles are in degrees.
S.3 RESULTS AND DISCUSSION
2The carbon target used in this experiment was 90 yg/cm"" thick 
and the 41.2 MeV bombarding I60 ions are expected to lose 'v 800 keV in 
passing through it [NDT 69]. The results of the angular distribution 
measurement have been plotted in figure 5.7 assuming that the total 
1 2C (-160,1 60 (3 ,6,13 MeV))12C cross-section is equal to 21.3 mb. This 
number was obtained from figure 4.4c. by averaging the results there over 
an 800 keV lab. energy range which was centred at 40.8 MeV lab. The 
Hauser-Feshbach estimate for this cross-section (the calculation is dis­
cussed in section 4.10) accounts for only 7% of the experimental total.
To estimate the contributions to the cross-section from the 
inelastic and transfer mechanisms, briefly discussed in section 5,1, it 
would be necessary to carry out a coupled channels calculation. This 
calculation would need to include the possibility of rearrangement of the
(js/quu) Tjp/pp
124a,
i2C ( i60 ,I60 *{6 I3  MeV))l2C
HAUSER - FESHBACH
004
CENTRE OF MASS ANGLE
figure 5.7. The results of the ^ C ( ^ 0 , ^ 0 * ( 6 . 1 3 M e V ) ) a n g u l a r  
distribution measurement which are listed in table 5.1. The 
Hauser-Feshbach prediction is also shown.
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nucleons to account for transfer. The difficulty of such a calcula­
tion is prohibitive [Au 70]. The coupled channels approach can be 
approximated to a finite range DWBA calculation which is also very 
difficult since it involves a 6 dimensional integral. The zero range 
DWBA may not be applicable since the mass and size of the transferred 
particle is significant when compared to the 12C or 1b0 ions [Gr 69].
The energy change, 6 MeV c.m., is also quite significant compared to the 
total energy (> 18 MeV c.m.). For the same reasons the semi-classical 
approach of Broglia et al. [Br 72] may not apply. Therefore, in the 
following I make only qualitative remarks on the basis of the Blair 
phase rules.
Before discussing the Blair phase rules some general comments, 
based on the simple picture of the reaction mechanism,presented in 
section 5.1, can be made.
1. The angular distribution in figure 5.7 is seen to rise strongly 
at backward angles. This suggests that alpha transfer may occur.
2. The angular distribution also rises at the forward angles. 
However, there is no indication of symmetry about 90°. These two 
observations suggest that inelastic scattering may also occur. If this 
is the case then it is possible that the very strong minimum at 110° is 
due to interference of the amplitudes for the two processes.
The indications are, therefore, that only a small contribution 
comes from decay of the compound nucleus and that the major contribu­
tions are due to single-step direct-reaction mechanisms. If this is 
the case then according to the semi-classical approximation in [Ei 64] 
the component of the outgoing channel spin along the recoil direction 
is zero. This presumes that the interaction occurs at a specific 
point in the nuclear volume. It follows that the angular distribution
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of the 6.13 MeV y-ray from 160 would be symmetric about an axis (the
recoil direction) in the reaction plane. Evidence supporting this
may be found in [Go 72] where y-rays following the 12C(]80,1ö0*)12C
reaction were studied. In the present case, with the axis of the
NaI(T£) detector normal to the reaction plane it would mean that the
measured 160*(6.13 MeV) + 12C _ angular distribution would not beg. s.
affected by changes of the symmetry axis of the 6.13 MeV y-ray angular 
distribution.
If, however, the presumption concerning the interaction is 
not true then the population parameters (see section 4.3) may vary 
as the angle through which the particles are inelastically scattered 
changes. In this case the yield of y-rays seen by the NaI(T£) 
detector may change by a maximum of 70% due entirely to changes in the 
y-ray angular distribution. This was calculated,as in section 4.3* 
assuming that the magnetic substate population parameters W(M) change 
from W(0) = 1 to W(± 3) = 0.5. Such large changes are highly unlikely 
since relative angular momentum < 9 occurs in the i&0*(6.13 MeV) + 12C^ 
outgoing channel. Hence many independent but coherent terms contribute 
to the outgoing channel in a particular magnetic substate and this tends 
to average out the variations in the population parameters W(M).
THE BLAIR PHASE RULES
The Blair phase rules [B1 59]?[Au 70],[Gr 69] are based on the 
assumptions that
1. the reaction proceeds via a surface interaction, and
2. the reaction occurs during small angle scattering.
therefore the contributions to the reaction amplitude are "localized 
in angular momentum space". The expression for the differential cross- 
section for non-elastic scattering is then found to be [Gr 69]
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I |Jm (2k Ro sin(0/2))|2 S.l
m
(£+m = even)
where - kR^ is the angular momentum corresponding to a surface 
collision. Z is the transferred angular momentum and J are the 
Bessel functions of order m. In this experiment 41.2 MeV bombarding
160 ions were used. This corresponds to Lq - 12 and Z = 3.
The expression for elastic scattering assuming strong
absorption of all L values for L < was given in chapter 1 and is
do(elastic) 
dO
J 1(2kRQ sin(0/2)) 
sin(0/2)
2
5.2
Noting the restriction Z + m = even on the sum over m in equation 5.1 
and comparing equations 5.1 and 5.2, the following general rule can 
be applied to non-elastic scattering (provided assumptions 1 and 2, 
stated above, hold).
The angular distributions for even parity excitations are 
out of phase with the elastic cross-section; those for odd parity 
excitations are in phase with the elastic cross-section.
Applying this to the present case where the 3 state in 
lfe0 is excited, it follows that
1. the oscillations at forward angles in figure 5.7 should be in 
phase with those in the elastic scattering, and
2. the restriction that {I + m) must be even means there should 
be no contribution from m = 0, i.e. the angular distribution should 
tend to zero at 0°.
Comparison of figure 5.7 with the elastic scattering results, 
measured using 42 MeV bombarding 160 ions [Vo 69J, in figure 5.1b is
128 .
difficult since in neither case is there a well-defined diffraction 
pattern. (Note that the difference of 1 MeV in the 160 bombarding 
energies used to obtain the results in figures 5.1b and 5.7 does not 
produce a significant difference in the critical L value in the two 
experiments.) However, to the extent that it is possible to see 
maxima of oscillations, i.e. diffraction maxima, at 32°, 43c and 62° 
in both distributions it appears that the phase rules do apply. On 
the other hand, there is no indication that the angular distribution, 
in figure 5.7,tends to zero at 0°.
Since alpha transfer is also expected to occur during small 
angle scattering the Blair phase rules may also be applied to the 
backward angles as follows.
1. The oscillations at backward angles, in figure 5.7, when sub­
tracted from 180° should be in phase with those at forward angles in 
the elastic scattering and hence with those at forward angles in figure 
5.7. Note that if the rise at backward angles in the elastic scattering 
angular distribution, figure 5.1b, is due to elastic alpha transfer then 
it is reasonable to expect that
a. the reaction proceeds via a surface interaction;
b. the reaction occurs during small angle scattering.
In this case it should be possible to apply the Blair phase rules,, 
treating the elastic scattering at backward angles as an even parity 
"excitation”. The oscillations at backward angles should,therefore, 
be out of phase with those at backward angles in figure 5.7 and hence 
out of phase with those at forward angles in the elastic scattering.
2. Since i + m must be even the angular distribution in figure 
5.7 should tend to zero at angles approaching 180°.
In fact,the angular distribution in figure 5.7 does tend to
1 2 9 .
zero at 180°. The effect of this is to obscure the diffraction 
maxima which may occur backward of 140°. However, maxima can be seen 
at 135° and 120°. Maxima of diffraction oscillations at forward 
angles can be seen at 20°, 32°, 43° and 62° the latter two of which, 
when subtracted from 180°, correspond approximately to those seen at 
135° and 120°. This is consistent with the phase rules.
In the elastic scattering results, in figure 5.1b, a minimum 
occurs at 120° and there appear to be two maxima occurring near 135°.
The maxima backward of 135° occur at 149° and 162°. Although no com­
parison can be made with the non-elastic scattering backward of 140° 
they can be compared with those at forward angles in the non-elastic 
angular distribution which also obey the phase rules. In fact, the 
maxima in the elastic scattering angular distribution at 149° and 162° 
are inconsistent with the Blair phase rules since they are in phase with 
the maxima at 20° and 32° in the non-elastic scattering results.
SUMMARY
Except for the fact that the angular distribution in figure 
5.7 does not tend to zero at 0°> the rather weak diffraction patterns 
at forward and at backward angles do obey the Blair phase rules. This 
suggests that both inelastic scattering and alpha transfer are occurring 
during grazing collisions. These direct reaction mechanisms could 
explain the discrepancy between the Hauser-Feshbach predictions and the 
experimental results.
On the basis of the Blair phase rules, if applicable, there 
appears to be no indication of elastic alpha transfer in figure
5.1b.
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It is clear from the discussion that the
12C (150,1&0 (3 , 6.13 MeV))12C reaction is very complex and isg. s.
difficult to interpret. Unfortunately, it appears that a series 
of equally complicated calculations would be necessary before any 
reliable interpretation of the results could be made.
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APPENDIX A
GENERAL THEORY
The approach taken in deriving the general expression for 
the elastic scattering cross-section and also the cross-section for 
various reaction channels involving two reaction products following 
the collision of two particles, is identical to that of Blatt and 
Biedenharn [B1 52] with charge taken into account. The approach is 
also similar to that of Vogt [Vo 68].
A particular channel c in the reaction is defined by the 
following set of quantum numbers
c = ( a ^ i . s ^ J . m j , * )
a labels a pair of particles and their excitation state
I,i are the spins of the pair of particles a; I usually refers
to the heavier of the two 
s is the channel spin
£ is the relative angular momentum
J is the total angular momentum
nij is the z component of J
it is the parity of the system
A general wave function often used to describe the properties 
of channel c other than radial motion is
<£ 2 £ (£sm,,m J m T)a m nm £ s' J £ s £m, sm A. 1
c|>a is the product of the internal wave functions of particles a.
Y. is a spherical harmonic where £ is the relative orbital
angular momentum and the z component is m .
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X is the wave function of coupled spins I and i
s
(£sm^ms |jmj) is a Clebsch uuidon coefficient.
The total wave function of the system can be written
¥ = E c
4>c rc
rc
where r^ is the relative separation of the pair of particles and is 
the radial wave function in channel c. If we consider channel c in a 
region of space outside the influence of the short range nuclear forces 
then satisfies the radial .vave equation which includes only the 
Coulomb and angular momentum barriers.
d2 $ ___c
dr2
£(£+1) 2n k c c $ + k <^f>2C ' C = 0
where k is the channel wave number c
Zj Z2e2
n  = --"j:-----c -nvc
Zie,Z2e are the electric charges of the particles a.
The regular and irregular solutions of this equation are 
Fc> and G^, respectively, and are defined in [Mo 65]. Incoming, 
1^, and outgoingjO^, spherical waves are defined
Ic = 0  * c
ioo
(G - iF )e C v c c
where a>c is the Coulomb phase shift related to the orbital angular 
momentum quantum number £^ and the Coulomb parameter n^ by
tan
! n -1 c
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The asymptotic behaviour of I and 0^ is given by
£ 7T
I * = 0 - exp i (k r - — - n £n2k r ) A.2c c r c c 2 c c cx ->-00 
c
The total wave function, in general, consists of a linear combination of
incoming and outgoing spherical waves
I v - ^ 2 -1b = E v r tot c a a (AI - B 0 )|) c c c C J c A.3
— ]aa _
The factor v z is chosen so that v I (v 0 ) corresponds to a a c a c
unit incoming (or outgoing) flux.
With the amplitude, A , of the incoming waves given, solving
the Schroedinger equation this determines Bc , uniquely for all outgoing
channels c'. It is usual to express this by writing B^, in terms of
A as follows c
Bc ' Ec c ' c Ac A.4
where U , is called the collision matrix, c' c
It is also usual to describe a nuclear reaction by a total 
wave function written as the sum of incoming and reaction or outgoing 
wave functions
\b = U)tot reac inc
The incoming wave function is found by solving the Schroedinger equation 
which takes into account only the Coulomb interaction.
The solution is written as
00 1 1 / iU)
lit. = Z 2tt /2 (2£+ljk i^ e £ L„ (k ) Y„ (cos0)X hnc „ K J i r' Äo sm£ = 0 s
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where L^(kr) is the bounded solution of the equation
1 d
(r2---) + <
2m Z!Z2e2'
F
£(£+1)
>%
* 2 r r2
j1
r dr dr
Using the asymptotic expansion of L^(kr) it has been shown in [Mo 65] 
that
i f f . = E <J> X m e  sm a sm s s
1 + ik (r -z) c c
exp i (k z + n £nk (r -z) r c c c
C (0)
OL+ ----  exp i (k r - n S-n 2k r ]k r  r a a  c c cc c
C (6) = cosec2 (^-) exp i -n £n (sin2 (^ -)) + tt+ 2u> c 2 o
A.5a
A. 5b
While iJk in this form is generally called the incoming wave it can be
seen that the last term in the asymptotic expression for , involving
C (0), actually describes that part of the incident wave scattered by
the Coulomb potential and this must be added to 41 when obtaining, reac
an expression for the elastic scattering cross-section.
The asymptotic expression for iJk can also be written as
• Vl1 TT7^
inc k r a a 0 m
J J + s
-J l = |J - sJ 
2ioj
(2£+l)^2 i£ CI -e C0 ) Yr X J c c £o sm
i 7TV* J+s £
k ra a 0 nij = -J  ^= j J-
(2£+l)1/^ i^(£som | JmT) (£sm m | Jm .)S J 36 S U
s mn = -£ m = -s 1 £ s
2ioo
(I - e 0 ) Vn X v c c £m„ sm£ s A.6
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where use  has  been made of  th e  fo l low ing
-ioo
F . (kr)  i e  C 2ioo
V kr> “ “ kT" = -2k^ (V e CV
X* - >  GO
The e x p r e s s io n s  F^,  0^ and 1 have been d e f in e d  in  eq u a t io n  A .2.
Comparing t h i s  r e s u l t  w i th  the  g e n e r a l  e x p re s s io n  i n  equ a t io n  
A.3,we f in d  f o r  th e  incoming channel  c
d m ~ 1/ 1 9
A = A = ik  * (nr  ) ' 2 (£som IJmT) ( 2 £ + l ) ' 2 i  c as& a k or v s 1 J
2ioo
B = A e C c c
and A , = 0 f o r  c" = c A .7c
Rew ri t ing  ^ nc with  t h e  above d e f i n i t i o n  o f  A^, we have
inc
2 ioo
(I - e C0 ) c c
A ip c c
(v ) 1/2 r
The e x p r e s s io n  f o r  th e  r e a c t i o n  wave f u n c t i o n  i s  o b ta in e d  by s u b t r a c t i n g  
^ in c  ^rom ^ t o t  w^ e r e  ®c i i-s d e f in e d  in  e q u a t io n  A .4 f o r  th e  t o t a l  wave 
f u n c t i o n s .  The r e s u l t  i s
lb = ib -  lb.r eac  t o t  m e
2 ioo
E (e
c ’
A 0 . ij; . c c ’ c ’
72 r a
I t  i s  im por tan t  t o  n o te ,  however, t h a t  in  s u b t r a c t i n g  
from i|/ we have a l s o  s u b t r a c t e d  t h a t  p a r t  o f  t h e  incoming wave 
s c a t t e r e d  e l a s t i c a l l y  by th e  Coulomb p o t e n t i a l .  When c o n s id e r i n g  the
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elastic channel this part must be added to ip since it is impossibler reac r
to distinguish the outgoing particles in channel c which are emitted 
as a result of different processes. The full expression for the 
outgoing wave function is therefore (compare equation A.5)
ip = E out a ' s 'm
r  c , (9) / v  \ l—££ & a
cc' k r , v k ,r , ' s'm ' .asm (6 . d>)a ' a ' \ a ' a ' a ' s s
, X . . exp i (k ,r . - n , &n2k ,r .) A. 8.Ta ' s'm ' r a ' a ' c' a' a'' s
where
00 J J + s J+s' &
q , , , (0,<J>) = - Z Z Z Z ZMa ' s ' m '.asm * T A T „ i T i 0, iT ,i 0,J=0 mj = -J £=|J-s| Ä f = IJ - s ' I m^, = -i6's ’ s
(2£ + l)V2 (£soms|jmJ) i (£ ' s 'm£ ,ms , | Jnij)
J , '
(6aa '6ss'6il£ ' 6 " U a's'£';as^ 1 Y£ ' m^' ^  ^  ^
A.9
This result is the same as that in [B1 52] with the charge of 
the particles taken into account. To obtain this result nothing has 
been assumed about the interaction except that there are two particles 
in the incoming channel and two in the outgoing channels.
General expressions for the differential reaction cross-section 
and total reaction cross-section follow (it assumed that a' ^ a)
aa 1 s--- Z
k 2 m a s -s m ' s
I + i I' + i'
Z Z
-s' s = I I-iI s' = I I'-i
(2I+l)(2i+l) 1^ a's'm^';asm^ (6,40 I
Jo  BLC“ >“ ’ )PL(‘ °se) A.10a
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where
, 4(21 + 1) (2i+l)
i^l-S.2-l 2 (ß-i ,Jj,Ä-2, J2; ^L.) i1 1 *-£2 f ~ L
J J
Real Part [U A. 10b
Z refers to the Z-coefficient defined in [B1 52b]. A phase correction 
due to Huby [Hu 54] has been included.
If a' = a (i.e. elastic scattering) then the full expression for 
has to be used. This includes the Coulomb scattering term and it will 
be discussed in the next section.
The total cross-section can be found by integrating A. 10a 
over all angles which leaves only the L = 0 term
o
a
(21 + 1) (2i + l) 1 a's'r,as£
(2J+1) I UJ 2
A.10c.
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APPENDIX B
OPTICAL MODEL
Formally the expressions for the differential elastic 
scattering cross-section (hence the total elastic cross-section) 
and the total reaction cross-section follow directly from the results 
of appendix A. Consider first the expression for the outgoing wave 
function in the elastic channel- Using equations A.8 and A.9 this is
out
C (9)a _l__
k r k r ^asm :asm L a a a a s s
(0,40
c|> X exp i[k r - n £n(2k r )1 a s m  r [ a a a a a J B. 1
where
qasm :asm s * s(0,40
oo
= z
J
z z
J + s
Z
J+s’ V
Z
J=0 *~31II•“5
e £= J-s £''= J-s’ m£,=-£
2^(2£+l)/2 (£som | Jm ) (£’ s'm 'm ' | JmT)S U 36 S J
2iajc J £-£'
1 Y£'m <0 '” B. 2
Ca(6) is defined in equation A.5b
Writing ipout — exp i (k r - n £n(2k r )) <j> X r r a a a a a^  ya sm
the differential elastic scattering cross-section is then
aa
dn I fCe.4>) I
f (6,40
C (0) ^asm ;asm ^a s s— ------  + -------- :----------- B. 3
The total reaction cross-section can be written quite simply
if use is made of the unitarity of the collision matrix
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J J
^a's'Ä1 ;as£^  ' s1 i ’ ;as£^
J J J J
^as£;as$P ^as£;as£^  ^ f ^a's'£' ;as£^ ^ a ' s T  ;as£'
^ ^
a s i£
Substituting into equation A.10c gives
aa
TT (2J+1)
k 2 Js£ (21+1)(2i+1)
a
{1 - lUas<t;a sJ2} B . 4
It is clear that expressions for both differential and total
elastic scattering cross-section also the total reaction cross-section
J
can be formed in terms of without any further assumptions than
were made in appendix A. However, the optical model assumes that the 
interaction can be represented by an average interaction potential for 
the incoming channel. This usually takes the form of a complex 
potential well, similar to that described in chapter 3 and shown in 
figure 3.2. Using this potential the Schroedinger equation is solved 
numerically. The asymptotic solution has the form of B.l as dis­
cussed in appendix A, This consists of a Coulomb scattered wave 
given by
k r a a
4> X exp l (k r a sm r a a s
n £n2k r ) a a a B . 5
plus an additional outgoing wave in the same channel with the co­
efficient q defined by B.2. The coefficient determinesnasm ,asm J
s* s
the amplitude and the phase of the additional outgoing wave. The
J
only unknown in the expression for q is the term U n ..J r nasm :asm as£:as£s s
It is convenient to define
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UJa.si;asZ
2iw 2i6c as£ e e B.6
where 0 . is the energy average op LT 0 . , since we have assumed 
an average interaction potential. In which case is the relative 
complex phase shift (i.e. giving both amplitude and the relative real 
phase shift) of the asymptotic solution of the Schroedinger equation 
involving the modified Coulomb potential (i.e. the nuclear potential 
used to describe the average interaction is added to the Coulomb 
potential) and the solution corresponding to the unmodified Coulomb 
potential.
The energy averaged total reaction cross-section is
a = a EJ s£
(2J+1)
(21 + 1) (2i + l) { 1  - |U
J
as£;as£ |2 > B. 7a
£
Js£
(2J+1) 2 i 6
(21 + 1) (2i+l) (1 -
as£ I2) B.7b
It can be shown that the energy average of the differential elastic 
scattering cross-section in B.3 when integrated over all angles produces 
the following terms
|u
J
as£;asi
2 |U
J
as£;asü
2
B. 8
which have been identified as that part of the elastic scattering cross- 
section proceeding through the compound nucleus [Ro 67b]. Subtracting B.8 
to B.7a we obtain an average absorption cross-section
°abs(a) ZJs£
(2J+1)
(21 + 1) (2i +1) {1 - !Uas£;asd2} B. 9
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.8,6 has been used to obtain the last expression, B„ 9, together with 
the fact that is real.
Note that o = 0 if 6^ „ is real. It is therefore clear that a oisi
the average interaction potential must be complex to allow for the 
absorption of particles from the elastic channel into other non-elastic 
channels.
The differential and total elastic scattering cross-sections 
can also be written in terms of the definition B.6. However, the 
implication of using the optical model,i.e. of using an average inter­
action potential, is that the cross-sections calculated in this way 
must be considered as energy averaged cross-sections. This average 
is taken over several correlation widths in the cross-section excita­
tion function to remove the effect of statistical fluctuations. If 
statistical fluctuations are strong then the Hauser-Feshbach prediction 
of the compound elastic scattering cross-section should be included.
CHANNEL SPIN ZERO
In this case B,6 becomes
2i(jo 2i6tt Z aZU = e eaZ .aZ
o 21X 021 oj 0 . aZZ A e - e Z
where 6 = A + i ea Z a Z aZ
and
-2c
\ = e aZ
The subscript a is usually dropped since in the context of
the optical model it refers to the incoming channel.
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ONE-LEVEL APPROXIMATION [Mo 68]
An expression for U  ^has been derived using R-matrix theory 
in the one-level approximation and this is
2i(VV 2lß£U££ = e [l+a£(e M ) ]
where, assuming the level occurs at an energy Eq and if F ^  and F^ are 
the elastic partial width and total width, respectively, then the 
absorption parameter a^ is defined
and
aZ
- tan
tan 1 [
-1 FZ
2 (E-E ) v o
Also defining itr< vx°
and using UZZ
2i“£ 2lh 6 V
we obtain x°
-1 a£ Sln2f3£tan ----- --------i-a£ +a£ cos 2Bt
a;i a2 + 2a£(l-a£)cos2ß£ + (1-a^)2
^  -
ri1-a [1-a )
■*' (E-E0)2 + c^ 2
The behaviour of and A^ as a function of E have been
calculated for several values of a^ and the results are displayed in
figure B.l. The energy dependence of a^ due to penetrability has 
been neglected.
The points which I wish to emphasize here regarding these
143 .
results are
1. for > .5, i.e. r  ^ 9 the phase shift X° passes through
90° when resonating ;
2. for a^ > .5^ goes through 0%as shown in figure B.l?hence
X^ will oscillate about <j> ? the hard sphere phase shifty when
resonating.
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figure B.l. The calculated behaviour of the real phase shift and
absorption coefficient A^. Curves are shown for several values of a^ 
which are given on the diagram. The energy dependence of the level 
width and the level shift and the hard sphere component of the phase 
shift have been neglected.
APPENDIX C
HAUSER-FESHBACH PREDICTIONS
The collision of two nuclei, which penetrate the Coulomb
barrier so that the nuclear forces may interact, often results in the 
formation of a compound nucleus. If the energy of the compound 
nucleus, so formed, is sufficiently high and a large number of compound 
states are formed with average width greater than their average spacing 
then the Hauser-Feshbach formula for average cross-sections may be used. 
In the following,the derivation of this formula is outlined using the 
statistical assumptions given in chapter 1 together with Bohr's picture 
of the compound nucleus [Bo 36]. In Bohr's picture, the compound 
nucleus decays independently of the formation process. The energy 
averaged cross-section for the nuclear reaction involving an incoming 
channel c and an outgoing channel c' is expressed
compound nucleus and it is assumed that this depends only on the
characteristics of channel c. The second term is the probability
*
that the compound nucleus will decay to channel c'. To carry this 
expression further we use the Reciprocity theorem discussed in [B1 52a] 
which states
acc C.l
The first term is the cross-section for the formation of the
C. 2
This is a statement of the independence of the transition probabilities
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with respect to time reversal. Comparing C.2 and C.l we define
k2 ö (c) c comp C . 3
An expression for °comp(c) using the optical model was given in 
appendix B,equation B,7
ö =a
(2J+1)
ka2 Jsi (sl+l)(2i+l) ' a £
C . 4
2 i 6
where aZ 1 - e
aZ
(Assuming the optical potential is independent of spin) 
Allowing for the fact that in C.4 the factor
2J + 1
(21 + 1) (2i + l)
is simply a statistical factor we can write for a particular channel c
o (c) comp —  T  „ 2 a£
and therefore Gc = Taz
It follows that
Gc
^Gc„
a' JT
a"s"Z" a"Z'
With this it can be shown that the energy averaged total cross-section 
for production of particles a' resulting from a collision of a plane 
wave of particles a is
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— 71 v 2 J +1o . - --- E --------
Z T r E T 0 ai . „ . a 'i 
si s' i'
aa C. 5k z J (21 + 1) (2i+l) „ „„„ T M0Ma y. j k j a"s"i" a"i"
Hence comparing this with A.10c we obtain
I it I 21 a's'i ' ;asi
T T E T 0 a i a'Vs£ s'i'
a"s"i" a"i"
C . 6
Using this and the statistical assumption that the cross terms in A.10a, 
and A.10b i.e. terms for which £ 2 t £l> £2 * f £1 ’ and J2 t Ji, cancel
out the Hauser-Feshbach expression for the differential reaction cross- 
section follows
doaa t
dft l 4j~Z IL a J tt (21 + 1) (2i + 1)
v T£'<a'>
L y t  rfyM'|s' £' S"i"a" i"^  J
l T,(a)
si
Z(£,J,£,J ;sL) Z (£' ,J ,£' ,J;s'L)
(-)s"s 'pl (cos0) C.7
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APPENDIX D
LEVEL DENSITY
The Hauser-Feshbach formula is often used to estimate the
cross-section for the formation of residual nuclei following nuclear 
reactions. In such a case it is necessary to replace the sum over 
outgoing channels c' by an integral (or sum) involving an expression 
for the level density of the residual nuclei as part of the integrand 
An example of this is discussed in detail in chapter 4.
The level density p(U?,j) is usually defined as follows 
[Gi 65] [Er 60].
1 . Excitation energy U' £ Ex
then p(U',j) = y  exp {(U'-E^/T) Pi(j) D. 1
2 . Excitation energy U ? Ex
P P0 (U) Pj(j) D. 2
where e xp (2 /aU)
12/2 a1/4 a
Pi (j)
(2j + l) exp
0 if U' >
2a2
U = U' - P(N) - P(Z)
U' 6
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P(N), P(Z) are the pairing corrections to the excitation energy 
U* for neutrons and protons, respectively. They are listed in [Gi 65] 
together with values for Eq) E^, T, a and a. T is the nuclear tempera­
ture (defined in terms of the level density as in thermodynamics [Er 60j) 
and a is the spin cut-off parameter.
E Pi (j) " 1
j
p1(j) therefore determines the relative proportion of the total number 
of states which have spin j. p, (j) can be derived on the basic 
assumption of random coupling of the angular momenta of the individual 
nucleons. o is related to the moment of inertia, I, of the nucleus by
2 TI a = —
* 2
If the system has angular momentum j then the associated energy is
2 -; 2
— —  (cf in the Schroedinger equation)
2o2 2mr2
Hence, p , (j) is set to zero if the excitation energy available in the
system is less than Tj
In the calculations the spin cut-off parameter o2 is set to 0.3 x Irig
at 2ero excitation energy. (1^ is the rigid body moment of inertia.)
a2 increases linearly with excitation energy to have the value given in
[Gi 65] at E^. Above this excitation energy o2 continues to increase
linearly until it reaches a maximum value of T * 1 .rig.
The energy dependence of expression D.l has a purely empirical
basis [Er 59] taken from the nuclear level density at low excitations.
149.
The density of states pQ(U) which applies at high excitation energies 
has been derived by Ericson [Er 60]. This was done using the 
expression for the grand partition function for a total system consisting 
of two fermion systems whose single fermion states were assumed to be 
equidistant. The spacing of the single particle states was also 
assumed to be approximately equal in the two systems.
The two expressions D.l, D.2 for the density and the 
derivatives of D.l and D.2 with respect to the excitation energy, are 
matched at an energy E^ as described in [Gi 65]. E , a and T are 
determined in this matching procedure.
A list of the parameter values taken from [Gi 65] for nuclei 
relevant to the 12C + lb0 reaction are given in table D.l. Three 
different combinations of parameters a and o in the case of 24Mg were 
used in Hauser-Feshbach calculations described in chapter 4 and these 
are listed as (a), (b) and (c) in table D.l.
TABLE D.l
Level density parameters taken from [Gi 65]
Nucleus 6 E a T E a0 X
27A1 2.09 -0.35 3.45 2.08 9.6 2.0
27Si + 1.8 (-0.35) (3.45) (2.08) (9.6) (2.0)
24Mg (a) 5.13 2.8 3.32 2.18 13.0 2.0
(b) 5.13 2.8 3.32 2.18 13.0 3.0
(c) 5.13 2.8 3.6 2.18 13.0 3.0
<CDCM 0 -1.80 3.65 1.95 6.8
*
3.0
\ t - see next page.
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When the value of a = 2.0, listed in [Gi 65] for 26A1, was used 
in chapter 4 in the Hauser-Feshbach calculations the results 
disagreed with experiment. However, an accurate estimate of the 
two particle (p,n) contribution to ^6A1 was not made so that it 
would be unwise to attach too much significance to the value 
ö = 3.0.
t Parameter values for 27Si listed in brackets were not given in 
[Gi 65], so the corresponding values for 27A1 were used.
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APPENDIX E
S- and 2- FACTORS
To avoid confusion with the S-factor defined by Burbridge 
et al. [Bu 57], W.F. Fowler [Fo 72] has proposed that the S-factor
defined in terms of the Coulomb wave functions ¥ r and G„ should bei a
denoted 2(E). Thus
where
and
o(E) 2(E) 2 (2Ä+1) P,
a(E) is the cross-section
E is the energy in the centre of mass
Nevertheless, 2(E) and S(E) of [Bu 57] are very similar in that 
they both represent the cross-section when the Coulomb barrier is
removed.
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